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Abstract 
Passenger movements in an airport are representative of the drivers behind a city’s 
function including economic development, business, tourism and trade. A major factor, which 
can influence these passenger movements, is the passenger experience, which is now an 
essential aspect of an airport’s success. Passenger flow simulations are becoming an 
increasingly important tool for designing and managing airports and lead to a better 
understanding of the factors that impact upon passengers and, ultimately their movements. 
A review of the literature reveals aircraft-boarding time is a major factor that influences an 
airline’s efficiency. However, most research has failed to consider actual boarding strategies in 
larger aircraft like Boeing 777 or Airbus 380, which now transport hundreds of millions of 
passenger globally. In order to reflect more realistic boarding strategies, larger aircraft must be 
included in the analysis of these strategies, to allow opportunities to develop new and more 
efficient strategies. An Airplane’s Turn Time is described as the time needed to empty an 
airplane after its arrival at the gate and to make all preparations for its next departure. Factors 
contributing to Turn Time are usually divided into seven groups, which are disembarkation, 
baggage unloading, refuelling the aircraft, cargo unloading, aircraft maintenance, cargo and 
baggage loading and passenger boarding (Soolaki, Mahdavi, Mahdavi-Amiri, Hassanzadeh, & 
Aghajani, 2012). Passenger boarding is a major factor that impacts upon the overall Turn Time, 
and improvements to passenger boarding can create significant improvements in airline 
efficiency. 
An agent-based simulation model (ABS) is a practical and productive approach to design 
passenger flows in airports. Using ABS, this thesis proposes a new set of boarding strategies to 
reduce the overall boarding time and thus improve airline efficiency. ABS allows the actual 
interaction between passengers and their luggage to be explicitly modelled.  
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For airline operators, the model also provides a convenient way to investigate the 
effectiveness of the boarding method, which may contribute to improved passenger airport 
experiences. This thesis analyses existing boarding methods utilised by airlines and proposes 
new boarding methods for both the Airbus 380 and the Boeing 777 aircraft. The most optimal 
strategies have been discovered and new strategies that are more efficient are proposed. The 
conducted experiments explicitly model group behaviour and stowing luggage in the boarding 
process under an agent-based simulation and modelling framework.  All existing and new 
proposed boarding methods have been developed using AnyLogic simulation software.  
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1 Introduction 
The study presented in this thesis explores boarding strategies at an 
international airport in order to investigate and find out the minimum boarding time. 
The main objectives of this research are to examine and analyse different existing 
boarding strategies, to propose more efficient boarding strategies, to find the 
optimum boarding strategy and improve the overall boarding time. This chapter 
provides an overview of the proposed research. Section 1.1 presents the research 
background. Section 1.2 addresses existing knowledge gaps. Section 1.3 describes 
the research aims, research scope and the research questions. The methodology used 
to achieve the research goals is presented in Section 1.4. Finally, Section 1.5 includes 
an outline of the remaining chapters of the thesis.   
1.1 Background  
Over the last two decades, the airline sector has experienced tremendous 
growth due to an increase in passenger numbers. In Australia, for the aviation sector 
between 2010 and 2011, total passenger movements at regional airports continued its 
upward trend, increasing from 22.5 million to 24.4 million (www.bitre.gov.au). 
While increasing the number of passengers in the aviation sector, airlines should 
endeavour to provide a high level of customer services for passengers, to be able to 
increase profitability.  
International scheduled passenger traffic in October 2013 was 2.710 million 
compared to 2.573 million in October 2012 – an increase of 5.3 percent in Australia. 
March 2011 (-1.6 percent) recorded the only annual month on month decrease in 
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traffic since March 2009 (Bureau of Infrastructure, Transport and Regional 
Economics, 2014). Figure 1.1 illustrates international total passengers carried month 
by month for 2012 and 2013 in Australia. 
 
Figure 1.1 Illustration of International Total Passenger Carried by Month 
(Australian Government Department of Infrastructure and Regional Development, 2014) 
 
Airlines are going through very hard times financially, with strong competition 
and high fuel prices. To stay in the airline market, it is essential that they accomplish 
high efficiency in the areas over which they have control. As airlines start generating 
revenue while their aircraft are flying, reducing aircraft Turn Time is an important 
goal for them in order to increase profit. (Massoud Bazargan, 2006) 
Airlines have the following goals according to the International Air Transport 
Association (IATA): 
• To transfer passengers and properties with the highest potential degree 
of safety, 
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• To maximise profit and minimise expenses, 
• To contribute the best possible service during transfer (Makhloof, 
Waheed, & Badawi, 2014). 
The average price per minute for an aircraft to spend on the ground is 
approximately $78 (Kalic, Markovic, & Kuljanin, 2013). For instance, a one minute 
delay per flight for an entire airline with 500 scheduled flights a day, for a year, 
would cost 78×500×365 = $ 14.235 M  per annum.  
An airplane’s Turn Time is defined as “the time needed to unload an airplane 
after its arrival at the gate and to prepare it for departure again” (Marelli, Mattocks, 
& Merry, 1998). Airplane Turn Time consists of different stages, which are 
deplaning the aircraft, cargo unloading and loading, refuelling, cleaning the cabin, 
galley servicing and boarding (Kalic, Markovic, & Kuljanin, 2013). The boarding 
process may not be the main source of delay for an airplane, but reducing the 
boarding time will reduce Turn Time and increase the profit of the airline. 
Aircraft boarding represents a major source of delays and is a direct result of 
how smoothly passengers flow, engage and interact in the boarding process.  
Passengers enter the aircraft one by one, search for their seats, put their luggage into 
the bin above their seats and sit down. Most airlines utilise assigned seating, i.e.  
passengers  cannot change their  seat  numbers  if they  are  printed  on  their 
boarding tickets (Richard Cimler & Eva Kautzka & Kamila Olsevicova  & Martin 
Gavalec,2006). 
1.2 Knowledge Gap 
Several different boarding strategies have been proposed in the literature and 
are currently used by airlines around the globe. One issue, which has not been 
 Chapter 1: Introduction 4 
effectively addressed in the existing strategies, is the analysis of the impact that a 
passenger’s luggage plays in the boarding process. This issue represents one of the 
main causes of delay in the entire process.  In this thesis, the boarding process is 
defined to commence from the gate at the airport terminal and is completed once all 
passengers are seated on the aircraft with their luggage stowed. Some of the airlines 
use pre-boarding areas before boarding, which is the most convenient method. 
Previous research suggests different boarding strategies, but many of them are 
not applicable due to organisational restrictions: too many ground staffs may be 
required, or they are not reasonable for passengers (Steiner & Philipp, 2009). 
 
Marelli et al. (1998) used stable variables such as passengers’ velocity, and 
they only validated simulation predictions of existing airline loading procedures. 
According to the dictionary (The Free dictionary) , interference is defined as “the act 
or an instance of hindering or obstructing”. Van den Briel et al. (2003, 2005) 
established how aisle interference affected boarding, but their approach was not 
realistic because aisle interferences are defined only in the analytical model. Ferrari 
and Nagel (2005) considered different types of scenario such as early and/or late 
passengers but did not include aisle interferences. Bazargan (2007) used only single 
aisle aircraft types, which are unsuitable for long haul flights. 
In the future, passengers will use their mobile phones, and new mobile 
interfaces to be able to reduce boarding time. They will know what boarding zone 
they belong to before reaching the airport, and they will enter the boarding queue 
accordingly. 
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1.3  Research Aims and Scope 
The aim of this research is to develop an agent-based model for investigating 
the boarding strategies for long haul flights. To achieve this research aim, the 
primary research questions that need to be answered are: 
1.) What is the best boarding strategy? 
2.) What aircraft types are currently modelled in the existing strategies? 
3.) How do we develop more efficient boarding strategies, using agent-based 
modelling? 
4.) What is the best method to explicitly model important factors in passenger 
boarding, including group behaviour and stowing passenger luggage? 
The simulation is to apply the model to a departure terminal of an international 
airport.  An international airport is chosen for the aircraft boarding process 
examination as, long-haul flights are predominantly operated from the international 
airport, and long-haul flights have been vastly under investigated in the literature. 
1.4 Methodology 
The methodology of this research can be summed up by the following three 
steps:  
• Model selection 
• Model development 
• Result analysis 
Most findings and results of this research are based on simulation modelling. 
To achieve the objective of reflecting real situations of passenger flow in the airport, 
an agent-based modelling method will be applied, owing to its ability to generate 
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autonomous agents in the modelling environment. Passenger agents will be 
programmed to have their own interactions and communications with airport 
facilities and other agents, which is very similar to passenger experiences in the real-
world. 
The modelling software AnyLogic is chosen in this research, as it includes a 
graphical modelling language and also allows the user to extend simulation models 
with Java code that enable custom model extensions via Java coding as well as the 
creation of Java applets that can be opened with any standard browser and are easy to 
share. 
1.5  Thesis Outline 
The overall form of the thesis consists of five chapters, including this 
introductory chapter. Chapter 2 reviews the literature related to pedestrian modelling, 
simulation modelling, and aircraft boarding strategies. Chapter 3 shows the 
implementation and configuration of the proposed agent-based model for aircraft 
boarding methods in this thesis. Chapter 4 uses the agent-based model to build new 
boarding strategies. Finally, Chapter 5 concludes the research contribution of the 
thesis and points out any limitations. Recommendations for future research are also 
provided in Chapter 5. 
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2  Literature Review 
2.1 Overview 
This chapter comprises a literature review of the existing boarding strategies. Aircraft 
boarding methods have been investigated since the 1980s. The aircraft-boarding problem 
can be defined as how to assign passengers to boarding groups, in order to reduce the total 
boarding time. 
Simulation models are becoming prevalent because they are cost-effective, 
convenient, risk-free, and easy to change. Furthermore, they have the capability to conduct 
repeat experiments.  
This chapter begins with the need for modelling aircraft boarding in Section 2.2. It 
explains why we need to investigate boarding strategies in order to give better service for the 
passengers during the boarding process. Section 2.3 investigates what techniques are used 
for these aircraft boarding strategies. Aircraft boarding strategies are explored in Section 2.4. 
The gaps and opportunities will be explained in Section 2.5.  
 
2.2  The Need for Modelling Aircraft Boarding 
 
The boarding process, just like other processes at airports, is a typical service 
operation in which the passenger is heavily involved (Sasser er al., 1978). Previous studies 
to date have been largely focused on aircraft boarding strategies for smaller aircraft with a 
seat capacity of up to 180 passengers. 
Airlines determine the accuracy of their operations by using airplane Turn Time. The 
Turn Time is calculated between the airplane’s arrival and departure times (Menkes, Rene 
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Villalobos, Gary, 2005). Another definition of Turn Time is “the time from which the 
captain sets the airplane brakes, until he releases its brake again" (Mas, Juan, Arias, & 
Fonseca, 2013). The average airplane Turn Time is approximately 30-60 minutes 
(Landeghem & Beuselinck, 2002). Turn Time is crucial for an airlines operation and thus 
the airline’s profitability. The Turn Time needs to be as short as possible (Steiner & Philipp, 
2009). Airplane Turn Time is illustrated in Figure 2-1 below. 
 
Figure 2.1 Airplane Turn Time explanation (Landeghem & Beuselinck, 2002) 
 
Airplane Turn Time consists of different stages, which are deplaning the aircraft, 
cargo unloading and loading, refuelling, cleaning the cabin, galley servicing and boarding 
(Kalic, Markovic, & Kuljanin, 2013). The shortest path is the critical path, which is not 
definite but relies on the duration of the individual processes, such as the cleaning process. 
AIRPLANE 
TURN TIME 
30-60 MINUTES 
Passengers leave plane 
(Deplane) 
10-15 minutes 
Aircraft cleaning 
10-15 minutes 
Passenger boarding 
(Enplane) 
10-30 minutes 
Call for passengers 
Passenger missing 
Transfer passengers' 
late arrival 
Boarding pass control 
at gate entrance 
Card reader jammed 
Handluggage retrieval 
at gate 
Passenger installation 
in aircraft 
Handluggage storage 
insufficient 
Seat assignment errors 
Seats occupies out of 
sequence 
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Inside the aircraft, the cleaning process usually cannot start until the airplane is completely 
empty. The boarding process cannot begin until both cleaning and refuelling processes have 
finished.  (Fuchte, Dzikus, Nagel, & Gollnick, 2011). 
The most time-consuming bottleneck is caused by passengers, putting aside carry-on 
luggage when they are boarding the aircraft. This type of delay happens when a passenger 
who wants to store their luggage in the bins located above the seat cannot do so because the 
overhead bins near his/her seat are full. Hence, the passenger must then move either 
upstream or downstream in an effort to look for an empty location for his or her luggage 
(Kalic, Markovic, & Kuljanin, 2013).  
In addition to within the aircraft, passenger’s regularly cause bottlenecks in many 
other areas within an airport terminal. To better detect when such botthenecks occur, 
researchers have investigated the development of video surveillance technologies to detect 
such bottlenecks and other operational measures in real-time (Xu et al. 2011 ; Lakemond et 
al. 2009 ; Denman et al. 2011). A range of biometrics has also been developed to help 
improve current and future border processing capabilities. This includes face recognition ( 
Cook et al. 2005 ; McCool et al. 2008), iris recognition ( Nguyen et al. 2011 ; Nguyen et al. 
2012) , gain recognition (Sivapalan et al. 2011). However, many of these technologies do 
not help address the efficiency of boarding and they do not help to reduce the interference 
between passengers during this boarding process. 
In order to improve airline efficiency and increase profitability, boarding time should 
be as short as possible. The following section introduces current aircraft boarding strategies 
in the literature and related techniques which have been proposed to reduce boarding time. 
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2.3 Aircraft Boarding Investigation Techniques 
Researchers have used computer analysis models, mathematical models and 
simulation models to investigate aircraft boarding methods.  
Marelli et al. (1998), and Menkes van den Briel at al. (2005) have used a computer 
analysis model to develop and assess different boarding strategies. These models analysed 
the effect of changes on the airplane interior configurations and diversities in passenger 
boarding procedures on the passenger boarding process. Steffen and Jason (2008), Ferrari 
and Nagel (2004) have used computer simulation programs to investigate aircraft boarding 
strategies.  Bachmat et al. (2007) have proposed a highly mathematical method of modelling 
different aircraft boarding strategies. This method requires a high level of mathematical 
knowledge in order to develop and execute various boarding strategies.  
Section 2.4 gives a more detailed explanation about aircraft boarding strategies. 
2.3.1 Simulation Models 
 
Simulation models are “macroscopic or microscopic, discrete or continuous, time-or 
event-based” therefore, simulation rules are “stochastic, based on logical assumptions or 
derived from statistical modelling” (Papadimitriou, Yannis, & Golias, 2009). Macroscopic 
models address the method as a whole, microscopic models inspect individual pedestrian 
behaviour, and their effect on other pedestrians around them (Daniel, 2002) such as traffic 
flow.  Macroscopic models have advantages of computational capacity.  The most important 
limitation of microscopic models for applications is “computational speed” (Bauer, Seer, & 
Brändle, 2007). 
The Social Force Model (Helbing & Molnár, 1995), cellular automata models (Fukui 
& Ishibashi, 1999) and agent-based models (Macal & North, 2005) are examples of 
microscopic models. 
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Simulation modelling has six advantages: 
• You can analyse systems and find the optimum solutions where other methods 
fail,  
• Simulation modelling requires less intellectual effort; once choosing the proper 
level of abstraction,  the improvement of a simulation model is a clearer  
process than analytic modelling, 
• The configuration of a simulation model reflects the structure of the real 
system, 
• One of the best advantages of simulation modelling is the ability to play and 
animate the system behaviour in time. Animation of the system is used not 
only for demonstration purposes, but also for confirmation and debugging. 
• Simulation models are a lot more powerful than Excel spreadsheets. If you 
develop and run a simulation to aid your proposal, you will have an advantage 
over those who deliver just numbers. (Borshchev, 2013) 
2.3.1.1  Social Force Models 
 
The repositioning of pedestrians is defined as if they rely on ‘social forces'. These 
forces are not accurately executed by the pedestrians’ individual status, but they are a 
mechanism for the internal ambitions of the individuals to achieve definite activities 
(Helbing & Molnar, Social force model for pedestrian dynamics, 1995).  The social force 
model simulates pedestrian dynamics using interaction forces (Zanlungo, Ikeda, & Kanda, 
2011). In order to correctly design pedestrian behaviour, the physical characteristics of 
pedestrian movement, such as walking speeds, acceleration and, overtaking must be 
precisely reproduced (Harney, 2002).   
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Helbing and Molnár (1995) introduced the following formula for a social force model; 
?⃗?α (t) = ?⃗? 𝛼0 (?⃗?α, 𝜐 𝛼0  ℯ⃗ 𝛼) + ∑ ?⃗? 𝛼𝛼𝛼 (ℯ⃗ 𝛼, r⃗ 𝛼-r⃗ 𝛼) + ∑ ?⃗? 𝛼𝛼𝛼 (ℯ⃗ 𝛼, r⃗ 𝛼-r⃗ 𝛼𝛼) +∑ ?⃗? 𝛼𝛼𝛼 (ℯ⃗ 𝛼, r⃗ 𝛼-r⃗ 𝛼,t). 
Where; 
α and β stand for two different pedestrians, 
?⃗?α (t): social force, 
rα(t) : the actual position of pedestrian α at time t, 
?⃗?α : actual velocity of a pedestrian, 
 ℯ⃗ 𝛼: Passenger’s desired direction, 
 𝜐 𝛼0 : Desired speed, 
 r⃗ 𝛼𝛼: The location of that piece of border B that is nearest to pedestrian α. 
In the social force model (SF), each pedestrian’s motion encounters three types of 
physical and psychological forces. These forces are pedestrian desire, the repulsive effect 
and the granular interaction (Saboia & Goldenstein, 2012). 
It is not easy to model complex behaviours using social force models where the goals, 
characteristics and interactions of pedestrians must be defined through equations (Manenti, 
Manzoni, Vizzari, Ohtsuka, & Shimura, 2012). The other disadvantage of using a social 
force model is that in high-density environments, agents will ‘shake’ unnaturally 
(Pelechano, Allbeck, & Badler, 2007).    
2.3.1.2 Cellular Automata Models 
Cellular Automata (CA) based simulations are widely used in a range of fields such as 
statistical physics or social sciences. The “Game of Life” is the most extensively known CA 
rule developed by Conway (1970). It requires a 2D square grid with one bit at each grid site, 
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and a non-invertible rule for improving each site that relies on the entire number of one’-s 
present in its eight closest sites (Barberousse, Franceschelli, & Imbert). 
Cellular automata (CA) rules are used to define “the intelligent decision-making 
behaviour of automata, creating a simulation of actual behaviour” (Daniel, 2002).  John von 
Neumann (1966) originally introduced cellular automata (Sarkar, 2000).  A CA is 
determined by four components: the shape of the underlying medium that contains the cells, 
the confined passing rule, the stages of the cell and the neighbourhood of a cell (Sarkar, 
2000). The simple CA regulations defining the behaviour of each automaton can produce an 
estimation of actual individual behaviour (Yue, Guan, Zhang, & Shao, 2010).   
The cellular automata were applied to investigate the effect of group structures in a 
large assembly. The major disadvantage of cellular automata is the artefacts initiated by the 
coarse discretisation of place into cells (Köster, Seitz, Treml, Hartmann, Klein, 2011). 
Figure 2.2 represents pedestrian movement on a grid. 
 
Figure 2.2. Pedestrian moving on a grid  (Köster, et al., 2011). 
Persons
Obstacle
Target
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Tang et al. (2012) used the pedestrian flow theory to suggest an aircraft boarding 
method to research three different boarding strategies. They did not choose the CA model 
because the CA model cannot completely explain different complex phenomena during the 
boarding process, as the passengers’ tickets should be controlled at the gate of the lounge, 
and the passengers will first deal with their luggage before they are seated. 
To sum up, the cellular automata models picture the interactions between pedestrians 
by comprehensible rule sets, instead of complicated mathematical functions. Hence, one can 
conveniently implement cellular automata on computers. The computational rate is 
extremely fast, compared to other microscopic models. However, CA models have the 
disadvantage of separating space into coarse cells, which could lead to greater inaccuracy 
than social force models, (Köster, et al., 2011).  
 
2.3.1.3 Agent-Based Models 
Agent-based modelling offers a way to model social systems that are composed of 
agents who interact with and influence each other. Agent-based modelling is a way to model 
the dynamics of complex systems and complex adaptive systems. The essential 
characteristic of an agent is the ability to make independent decisions (Macal & North, 
2010). The simple theory of ABM is to build the computational equivalent of a model that 
relies on agents with some features and behavioural regulations, and then to simulate them 
in a computer to mock the real experience (Castiglione, 2012). 
Bonabeau (2002) demonstrated a wide introduction to the fundamental rules of agent-
based simulation. He identified that agent-based simulation is an assumption more than a 
technology. Complexity is standard in agent-based models, as they are usually consisted of 
powerful, diverse, interacting agents. Multi-agent simulation models become prevalent as 
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the developer needs many agents to explore an entire system’s behaviour, or the developer 
wishes to fully examine a single agent in a practical context (Parry, 2012). 
An agent should have the following characteristics: 
• An agent is a self-contained, modular and uniquely identifiable individual. 
• An agent is autonomous and self-directed. 
• An agent has a state that varies over time. 
• An agent is social, having dynamic interactions with other agents that influence 
its behaviour (Macal & North, 2010). 
In addition to the above statements, the agent should have the following 
characteristics: 
• An agent should be reactive and responds to changes in its environment. 
• An agent is proactive. 
• An agent should be adaptable and has many ways of obtaining targets (Ronald, 
Sterling, & Kirley, 2007). 
Many of the early agent-based models were developed using the Swarm modelling 
software designed by Langton and others to model ALife (Minar et al, 1996). 
Some tools are used for Agent-based models. These are: 
1. Swarm: Swarm is one of the earliest tools for execution of ABSs and complex 
systems. The primary libraries are based on Objective-C but currently Java is 
used. 
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2. Recursive Porous Agent Simulation Toolkit (Repast): It is a platform based on 
Java. It has the same soul as Swarm. Repast provides a library of classes for 
the most communal tasks related with the implementation of an ABS. 
3. Shell for Simulated Agent Systems: It provides a visual interface for the 
development of ABMS.  
4. Mason: Its library is based on Java. It is especially attractive for “performance-
demanding applications”, and it requires programming skills.  
5. NetLogo: It has -three interfaces. The first is a kind of editor for programming 
the model itself, where the language resembles Starlogo. The second interface 
permits the visualisation of the environment and its parameters. The third 
interface contains a structured documentation (Klügl & Bazzan, 2012).  
6. Anylogic:  AnyLogic is the only simulation tool that supports all the most 
common simulation methodologies: System Dynamics, Process-centric (AKA 
Discrete Event), and Agent Based modelling. 
 
Table 2.1 represents several approaches to build agent-based models.  
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Desktop Computing for 
ABMS Application 
Development 
Large-Scale (Scalable) 
Agent Development 
Environments 
General Programming 
Languages 
• Spreadsheets: Excel 
using the macro 
programming language 
VBA 
• Dedicated Agent-based 
Prototyping 
Environments:Repast 
Symphony, NetLogo, 
StarLogo 
• General Computational 
Mathematics Systems: 
MATLAB, 
Mathematica 
• Repast 
• Swarm 
• MASON 
• Anylogic 
• Python 
• Java 
• C++ 
 
Table 2-1 Several approaches to build ABMS applications (Macal & North, 2008). 
 
Agent-based models (ABM) are a useful tool in the analysis of space-time dynamics. 
Most particularly, agent-based modelling methods have the ability to describe individual 
passenger’s performances and study developing performances when great populations of 
passengers communicate with each other (Wenbo Ma & Tristan Kleinschmidt & Clinton 
Fookes & Prasad K.D.V. Yarlagadda, 2011). 
Agent-based simulation is a functional tool for modelling and investigating a dynamic 
system with interacting individuals (Cimler, Kautzka, Olsevicova, & Gavalec, 2009). Agent-
based simulation occurs to have possible for pedestrian modelling. (Ronald, Sterling, & 
Kirley, 2007)  
Agent-based simulation enables modelling of a heterogeneous population. Each agent 
may have individual motivations, and groups and group interactions can be presented. 
Therefore, passengers can be designed as autonomous agents, defined by their own set of 
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characteristic values, which permits the design of variety in each individual’s behaviour 
(Audenaert, Verbeeck, & Berghe, 2009). 
 
An agent-based model has three components: 
•   The number of agents, their characteristics and attitudes. 
•   A number of agent relationships and strategies of communication. 
• The agents’ status: Agent communicates with their surroundings and other agents. 
(Macal & North, 2010). 
The method of agent-based modelling is very versatile. The examples of agent-based 
modelling are: 
• Social influence and opinion formation, 
• Coalition formation, 
• Collective intelligence, 
• Group dynamics, 
• Traffic dynamics, 
• Crowd dynamics, 
• Migration, 
• Financial markets  (Helbing, Agent-Based Modelling, 2012). 
 
Agent-based simulations are extensively more computationally costly than cellular 
automata and social force models; hence, designing large systems is a question for agent-
based models (Bonabeau, 2002; Zheng, et al., 2009). 
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Figure 2-3 illustrates the ease of model development of selected examples of ABMS 
environment against their modelling power. 
 
Figure 2.3.  Agent-based modelling software [Macal and North as cited in (Ma, 2013)]. 
 
As can be seen in the Figure 2-3, the Anylogic simulation program has modelling 
power superior to many others and still holds many user-friendly features. The Anylogic 
simulation program was chosen in this thesis for investigating aircraft boarding strategies. 
AnyLogic is the only simulation tool that supports all prevalent simulation techniques, which 
include system dynamics, discrete event, and agent-based modelling (AnyLogic, 2013). 
 
The next section provides more explanations about Agent-based simulation in the 
literature and shows how the researchers used the simulation approach in the aircraft 
boarding strategies. 
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2.4 Aircraft Boarding Methods and Aircraft Boarding Simulation Software 
 
Previous studies investigate boarding methods by using different approaches. One of 
the most common techniques is using simulation. Systems can be analysed and the optimum 
solutions can be found using simulation techniques.  
There are six main boarding methods proposed in the literature, which are the Wilma 
boarding method, the Steffen boarding method, the Reverse Pyramid boarding method, 
Random-boarding method, by Letter boarding method and the Block boarding method. 
These boarding methods are introduced in detail later in Section 2.4 on page 25. 
Marelli et al. (1998) suggested a new passenger embarking/disembarking simulation 
model to indicate different  boarding  methods and  a different  arrangement on a Boeing 
757 plane with the capacity of 240 passengers;  this methods uses steady  variables such as 
velocity  of passengers and validated simulation predictions of current airline  loading  
procedures. This method uses discrete-event simulation and emphasises the effect of 
airplane interior design on boarding time.  
Van Landeghem (2002) has used Arena (https://www.arenasimulation.com/ ) to 
examine different boarding strategies at Brussels National Airport. He found that the best 
sequences all require call-off individual passengers by their row and seat number. H. Van 
Landeghem (2002) has examined seven different boarding strategies on an airplane with 132 
seats, divided into 23 rows. The best result is 10.4 minutes, and its boarding strategy is 
descending row order and outside-in seat order. 
Van Landeghem and Beuselinck (2002) analysed different aircraft boarding designs; 
they investigated only short haul flights, and aircraft that typically have 80 to 150 seats. 
They used a discrete-event simulation approach. Van Landeghem and Beuselinck (2002) 
have mainly focused on the aircraft that have only one aisle. The model that they have 
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proposed assumes passengers arrive at the gate every six seconds, and they include luggage 
issue in their simulation. They assigned 1, 2 or 3 pieces of luggage in the simulation. They 
have tested different boarding strategies using simulation in Arena. The different call-off 
approaches were modelled as a stream of passengers listed in an Excel file. Forty-seven 
sequences were tested, by running five replications of each of the sequences in Arena. The 
best result, of 10.4 minutes, was reached by the Class, “By Seat”.   
  Van den Briel et al. (2003, 2005) applied programming, noticed data and simulation 
to study the aircraft boarding strategies. They tested different boarding methods by using 
MINLP (mixed-integer nonlinearly constrained optimisation solver). MINLP uses a branch-
and-bound algorithm, in which each node corresponds to a continuous nonlinearly 
constrained optimisation problem. Menkes, Rene, Gary, Tim and Anthony (2005) have used 
the ProModel simulation tool to simulate boarding strategies 100 times. They showed an 
average decrease of 21.0 percent in departure delays. Menkes, Rene and Gary (2003) have 
used the ProModel 200 for an Airbus 320 model aircraft. The best boarding time was 22.93 
minutes.  An Airbus A320 has one aisle and 75 seats. They implemented the simulation for 
one agent at the gate and two agents at the gate. If there is only one agent, boarding time 
reduces by 25 percent, otherwise it reduces by 37 percent.  
Ferrari and Nagel (2006) used different arrangements  to  assess  different  aircraft  
boarding  methods  and  suggested  a  new  aircraft boarding method that contains boarding 
groups; it consists of different types of schemes such as early and/or late passenger but did 
not cover aisle interferences.  They were interested in short haul flights and chose the 
aircraft that had 132 seats consisting of 23 rows. They used the same boarding strategies as 
those used by Van Landeghem and Beuselinck (2002).  
Bazargan (2007) evaluated the interactions between the passengers that cause 
waiting during the boarding process and built a new integer-programming model to reduce 
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the interferences; the suggested system is good for reducing boarding time, but it only 
includes single aisle aircraft types.  He used a single aisle Airbus 320 aircraft for the 
boarding strategies. He developed a simulation model in Arena Simulation Modelling 
Software.  
Bachmat and Elkin (2008) examined the edges on the performance of the back-to-front 
aircraft boarding method. They showed that no back-to-front policy could be more than 20% 
better than the policy that boards passengers randomly. 
Nyquist and McFadden (2008) demonstrated the cost-effective way to board 
passengers including carry-on luggage and boarding trough two doors. They  tested five 
different boarding strategies. These were the basic block, half-block row, row, half-row and, 
seatgroup configurations for a typical aircraft. They recommended that airline managers 
should consider matters connected to distributing activity in every aircraft, improving more 
productive procedures for managing carry-on luggage, and using simultaneous loading 
through two doors.  
Steffen (2008) implemented the Markow Chain Monte Carlo algorithm and 
numerical simulation to research the aircraft boarding method in order to minimise boarding 
time. He experimented with boarding procedures for 120 passengers with six passengers per 
row and 20 rows. This model did not include the effects of an aisle vs. window seat, the 
clustering of passengers into companions or families, and other effects of human nature. 
Emilio, Jose, Menkes and Villalobos (2008) used the Monte Carlo Simulation 
Method to examine a Reverse Pyramid boarding strategy. Fifty variations of strategy were 
analysed, divided into four groups. Emilio, Jose, Menkes and Villalobos (2008) used aircraft 
with 30 rows; each row had six seats and the aircraft had only one aisle.  
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David, Kathleen (2008) simulated five different boarding strategies which are the 
basic block boarding model, the basic by row boarding model, the Basic by half-block 
boarding model, the basic by half-row boarding model and the basic by seat group 
(window–middle–aisle) boarding model for one aisle aircraft, which has 23 rows and 132 
passengers.   
Steiner and Philipp (2009) sought some actions, like introducing pre-boarding areas 
that can reduce the boarding time and turn time; they investigated only two different 
boarding strategies (back to front method and random method).  Albert Steiner and Michel 
Philipp (2009) have used MATLAB to simulate two different boarding strategies (random 
and back to front method) for Airbus 321 and total passengers of 198. They found that the 
most efficient strategies are those where pre-boarding is applied, and passengers are carrying 
less hand luggage. 
Jan, Katja and Greet (2009) used an aircraft model with 23 rows and 132 seats for six 
different boarding strategies. Each boarding strategy was executed 15 times. They analysed 
the boarding procedure using multi-agent simulation, which as an enabler for improving 
realistic boarding strategies, depends on individual passengers’ attributes rather than on the 
position of their seats. The best boarding strategy is by_seat boarding configuration. 
John and Jon (2011) used a narrow-body mock Boeing 757 aircraft, which has 12 
rows of six seats with a single, central aisle. They tested five different boarding strategies 
that are the back to front method, the block boarding method, the Wilma method, the Steffen 
method and the random method, and the best time of all the boarding strategies was for the 
Steffen model.  
Tang et al. (2012) used the pedestrian flow theory to suggest an aircraft boarding 
method to research three different boarding strategies which are the random boarding 
method, the aircraft boarding strategy based on passenger’s seat serial number and, the 
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aircraft boarding strategy based on seat serial number and passenger’s individual properties 
(Tie-Qiao Tang, Yong-Hong Wu, Hai-Jun Huang, Lou Caccetta (2012). They proposed a 
new aircraft-boarding model with consideration to passengers’ individual properties. They 
used an aircraft with 29 rows, each row has six seats, and the aircraft has one aisle. They 
found out that the third boarding strategy was the best boarding method. 
Richard, Eva, Kamila and Martin (2012) used NetLogo (Agent-based modelling) to 
simulate six different boarding strategies. The strategies that they examined are the random 
method, Wilma method, back to front method, blocks method, Steffen method and Kautzka 
3 method. They have recommended the Steffen method. 
An Airbus A320 aircraft was chosen by Majid, Iraj, Nezam, Reza and Aydin (2012) 
to simulate different boarding strategies. This aircraft has 23 seat rows with three seats on 
each side of the aisle. They examined and compared the performance of their mathematical 
model using Genetic Algorithm.  
Table 2 compares the different papers mentioned above. 
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Table 2 Comparison of the current papers. 
 
The literature has introduced different boarding strategies in order to reduce boarding 
time.  As previously introduced, researchers have tested different boarding strategies to 
minimise boarding time and as well as Airplane Turn time. These include: 
1) Wilma Method: Passengers seated at the windows boarding first, followed by 
the middle and aisle seats. Inside the group, passengers are ordered randomly. 
 Chapter 2: Literature Review 26 
Therefore, there are no seat interferences. Figure 2.4 shows the Wilma method 
illustration of an aircraft. Number 1 passengers enter the aircraft first, followed 
by number 2 and number 3.  
 
Figure 2.4 Wilma boarding method illustration. 
 
 
 
 
2) Reverse Pyramid (back to front):  Passengers board from the rear rows first 
and then boarding gradually moves forward. Figure 2.5 shows the Reverse 
Pyramid method illustration. Number 1 passengers enter the aircraft first, 
followed by number 2 and number 3. 
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1 2 3 3 2 1
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1 2 3 3 2 1
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 Chapter 2: Literature Review 27 
 
Figure 2.5 Reverse Pyramid boarding method illustration. 
 
3) Steffen method: Adjacent passengers in line are sitting two rows apart from 
each other in corresponding seats. (e.g., 12A, 10A, 8A, 6A. etc.) (Jason H. 
Steffen & John Hotchkiss, 2012). Figure 2.6 shows the Steffen method 
illustration. Passengers enter the aircraft in order, as shown in Figure 2.7.  
 
Figure 2.6 Steffen boarding method illustration. 
 
 
3 3 3 3 3 3
3 3 3 3 3 3
3 3 3 3 3 3
3 3 3 3 3 3
3 3 3 3 3 3
3 3 3 3 3 3
3 3 3 3 3 3
2 2 2 2 2 2
2 2 2 2 2 2
2 2 2 2 2 2
2 2 2 2 2 2
2 2 2 2 2 2
2 2 2 2 2 2
1 1 1 1 1 1
1 1 1 1 1 1
1 1 1 1 1 1
1 1 1 1 1 1
1 1 1 1 1 1
1 1 1 1 1 1
1 1 1 1 1 1
1 41 11
21 31
2 42 12
22 32
3 43 13
23 33
4 44 14
24 34
5 15
25 35
6 16
26 36
7 17
27 37
8 18
28 38
9 19
29 39
10 20
30 40
 Chapter 2: Literature Review 28 
4.) Random method:  All passengers are boarding together, without specific order 
(Cimler, Kautzka, Olsevicova, & Gavalec, 2009). 
5.) Block method:  Boarding in blocks.  The back rows are first boarded in one block 
followed by the front rows in a second block, and finishing with the centre rows in a third 
block (Richard Cimler & Eva Kautzka & Kamila Olsevicova & Martin Gavalec, 2006). 
Figure 2.7 shows the Blocks method illustration. Number 1 passengers enter the aircraft 
first, followed by number 2 and number 3. 
 
Figure 2.7 Blocks boarding method illustration. 
 
 
 
6.) By letter: This is a special boarding method, in which each class contains all seats 
with the same tag (A to F) (H. Van Landeghem, 2002). Figure 2.8 shows the by letter 
method illustration.  
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Figure 2.8 By Letter boarding method illustration. 
 
 
When boarding a commercial aircraft, the passengers are usually assigned to groups 
that verify the order in which passenger’s board. The aircraft-boarding problem can be 
described as how to assign passengers to these boarding groups, such that the whole 
boarding time is decreased (Briel, Villalobos, & Hogg, The Aircraft Boarding Problem, 
2003). 
There are two types of interferences in the boarding process. One of them is seat 
interference, and the other one is aisle interferences  (Briel, Villalobos, & Hogg, 2003). 
Minimising the total expected number of seats and aisle interferences is the best way to 
minimise total boarding time. 
Seat interference happens when the middle and/or aisle seat passenger boards earlier 
than a window or middle seat passenger who sits on the same side and row of the aircraft. 
For instance, a passenger is seated in seat 13C. When a passenger with seat 13B or 13A 
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boards the aircraft, passenger 13C must leave their seat in order to give way to passenger 
13B or 13A. 
Aisle interference occurs once a passenger boarding the aircraft has to wait for the 
passenger in front of them to go their seat and to stow their luggage, before carrying on to 
their own seat. Aisle interference can also happen within one group, or between two ensuing 
groups (Briel, Villalobos, & Hogg, 2003). Figure 2.9 shows aisle and seat interferences in an 
airplane. 
 
 
 
Figure 2.9.   Seat (above) and aisle (below) interferences (Emilio, et al., 2008). 
 
The actual boarding process comprises three steps (Landeghem & Beuselinck, 2002): 
1.  The gate agent announces the beginning of the boarding process. Passengers start 
queuing at the gate. There might be a delay because of the late arrival of passengers.  
3A 3B 3C 3D 3E 3F
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2. The gate agent checks the boarding pass of each passenger, and records his or her 
entry by using a ticket reader. This step in the procedure is the only moment at which there 
is control of who enters and at what time. 
3.   Finally, passengers enter the airplane through the bridge, the front door and, in 
some cases, the rear door of the aircraft. 
When passengers are inside the plane, they have to queue in a single line (due to the 
small aisle width) until they reach their assigned seat (Landeghem & Beuselinck, 2002). 
Some airlines (especially low fare ones) do not assign seats at all. This free seating 
policy is not one that is preferred by older passengers (H. Van Landeghem & A. Beuselinck, 
2002). 
Boarding time starts when the first passenger enters the plane and ends when the last 
passenger is seated in their assigned seat. Due to the narrow aisles, any disturbance in the 
smooth flow of passengers will cause passengers to queue. This is called row congestion (H. 
Van Landeghem, 2002). 
2.5 Gaps and Opportunities –Aircraft Boarding Strategies 
 
Based on the available literature review, some gaps are identified and are described 
as follows: 
• Most investigators have not researched or analysed boarding strategies on the 
bigger seat capacity aircraft such as Airbus 380 and Boeing 777. These 
aircrafts are for long-haul international travel, so this gap represents a heavily 
under investigated area that offers many opportunities for improvements for 
international airlines,  
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• Researchers mainly investigate aircraft with one aisle. These aircraft are used 
for short-haul flights. This gap should be investigated thoroughly, in order to 
expand and apply findings to international travel and cover aircraft with two 
aisles, 
• Passengers with child or group boarding strategies have not been investigated 
by many researchers, 
• First-class and business-class passengers are ignored during the boarding 
process. 
2.6 Chapter Summary 
There are macroscopic models and microscopic models. In macroscopic models, the 
analysis of pedestrians’ motion and communications are ignored. Microscopic models 
solved the limitation of macroscopic models by considering pedestrians as individuals. In 
order to explain behaviour rules properly, microscopic models show more precise pedestrian 
behaviour in different situations. Social force, cellular automata, and agent-based models 
were introduced as microscopic models, and their advantages, and disadvantages were 
compared. Researchers also identified that the size of a pedestrian group can affect 
pedestrian walking dynamics such as speed, and avoidance behaviour.  
In the literature, researchers mainly focused on short-haul aircrafts with one aisle and 
passenger capacity up to 200.  Some researchers evaluated the interference between the 
passengers and developed a new programming model to minimise the interferences. The 
carry-on luggage issue has been tested in the boarding strategies.  
The aim of this research project is to simulate passenger flow in an aircraft in order to 
gather better aircraft boarding time for airlines and easier management for airline operators. 
Airlines make the profit when their aircraft is flying. To determine an airline's efficiency, 
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Turn Time introduced. Turn Time should be as short as possible, in order to gain maximum 
profit for airlines. 
Between broad ranges of pedestrian simulation software, AnyLogic is selected as the 
simulation tool in this thesis because of its advanced features in modelling agent-based 
models and user-friendly interfaces. This thesis aims to establish different boarding 
strategies for passenger flow in the international departure terminal using the agent-based 
modelling technique. Detailed implementation of the model will be presented in the next 
chapter. 
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3 Developing Agent-Based Simulation of Boarding Methods for 
Airbus 380 and Boeing 777-200 Aircraft types 
3.1 Introduction 
 
In the previous chapter, the existing aircraft boarding strategies were 
introduced. These were the six different boarding strategies proposed in the 
literature, which were used to find out optimum boarding times. In addition, the 
strategies were only tested on one-aisle aircraft types with a passenger capacity of up 
to 180 passengers. 
This chapter demonstrates the implementation and comprehensive evaluation 
of these different boarding strategies for two different aircraft types (Boeing 777-200 
and Airbus 380). These strategies have been developed within an agent-based 
modelling and simulation environment for the first time. 
In an agent-based model, three key elements need to be identified and modelled: 
agents, agents’ environment, the interaction between agents and the environment (Macal 
& North, 2010). Section 3.2 introduces pedestrian characteristics for a chosen airport 
in Australia.  Section 3.3 explains how the simulation is developed. The section 
demonstrates some screenshots of the simulation. Existing aircraft boarding 
strategies have been simulated in Section 3.4.  
3.2 Pedestrian Characteristics 
 
In the real world, airport passengers have their personal characteristics, which 
influence their behaviour and activity choices in the airport. Those characteristics 
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include physical connected factors (e.g. age, gender, mobility) and psychological 
related factors (e.g. familiarity with the airport and departure processes). 
Table 3.1 shows the departure of Australian resident and non-resident 
passengers, 2012-2013 (ABS, 2013). 
Country of residence Australian resident Overseas visitor 
Percentage in total passengers 58% 42% 
Table 3-1 Country of residence of airport departure passengers in 2012-2013  
in Australia (ABS, 2013) 
Table 3.2 categorises travel purpose (leisure or business) for 2012 and 2013 
years in Australia (ABS, 2013). 
International airline travel passengers are divided into three main groups: 
first-class passengers, business-class passengers and economy class passengers. In 
this thesis, passengers are further divided into groups, which are passengers with 
children, passengers in a group (including families) and passengers who have gold 
membership. 
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  Calendar year Financial year 2013 
  2012 2013 2011–12 2012–13 Jul Aug Sep Oct Nov Dec 
  '000 '000 '000 '000 '000 '000 '000 '000 '000 '000 
Convention/
conference 232.4 239.4 233.5 237.5 18.3 18.4 24.4 24.1 22.4 9.0 
Business 806.0 813.8 800.3 808.9 67.1 65.9 75.1 77.5 69.7 44.3 
Visiting 
friends/relati
ves 1,883.9 1,953.9 1,816.7 1,916.0 154.4 152.3 168.5 134.6 168.4 280.4 
Holiday 4,722.9 5,084.8 4,621.4 4,874.2 464.1 443.2 562.7 379.2 359.6 562.8 
Employment 124.2 137.4 123.1 133.2 10.4 11.6 10.7 12.1 10.8 10.1 
Education 80.0 78.3 74.1 78.2 6.8 8.4 11.6 3.9 7.5 5.7 
Other & not 
stated 370.5 468.5 371.3 388.3 33.2 30.6 40.4 48.3 45.3 79.1 
Total 8,219.8 8,776.1 8,040.4 8,436.2 754.4 730.4 893.5 679.9 683.7 991.4 
 
Table 3-2 Departure passengers travelling for business and leisure purpose in 2012 and 2013 in 
Australia (ABS, 2013) 
3.3 Simulation Development 
In order to investigate boarding strategies, first the simulation model was 
developed. This section explains how the simulation model was developed. The 
Boeing 777-200 and Airbus 380 were chosen because these aircrafts are used widely 
for international transportation. The Airbus 380 is the biggest aircraft used for 
commercial purposes in the world. Boeing 777-200 has two aisles, a total of forty-
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two rows and its capacity is 313 passengers. There are six first-class passengers, 48 
business-class passengers and 259 economy class passengers on Boeing 777-200. 
Airbus 380 consists of two aisles and 48 rows and its capacity is 498 
passengers. Airbus 380 is a double-deck aircraft. In the simulation, there are 18 first-
class passengers, 18 business-class passengers and 486 economy class passengers.  
Figure 3.1 illustrates the Boeing 777-200 and Airbus 380 layouts 
respectively.  
 
 
 
 
 
 
Figure 3.1 Boeing 777-200(above) and Airbus 380 (below) layouts.  Figures show 
seat configuration of these aircrafts. A380 is a double-deck aircraft. 
 
In order to determine passenger classes, such as first-class, a Java code has 
been used in the beginning of the simulation. The code divides passengers into three 
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main groups (first-class passengers, business class passengers and economy class 
passengers) and assigns them to their seats. 
In the simulation, the passengers are each assigned a seat. Passengers obey 
the following rules during the boarding process: 
 1) A passenger will not move unless there is sufficient space between them 
and the passenger in front of them, 2) if they are moving, then they will engage any 
available place in front of them, 3) they sit in their assigned seats, 4) they store their 
luggage in the bins above their assigned row or in the nearest bin. 
The second step is to determine passengers’ attributes during the boarding 
process. There are five main groups of passengers in the simulation. These are: 
• Groups with children, 
• Group size 2 to 5, 
• First-class passengers, 
• Business-class passengers , 
• Economy-class passengers. 
Table 3-3 shows passengers’ attributes in a simulation program. The 
distribution of passengers travelling through the air transportation system includes 
those travelling for business purposes and those travelling for tourism and leisure. 
Business travellers predominantly travel alone; however, those travelling for tourism 
and leisure regularly do so in groups. To reflect this reality in the simulation, all 
passengers are randomly drawn from a distribution of group sizes where the group 
size predominantly varies from one to five. If a passenger has luggage in flight, there 
is a delay in their row, which is at minimum 5 seconds, on average 25 seconds and at 
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maximum, 60 seconds. This is modelled using a triangular probability distribution in 
the agent simulation. Storing carry-on luggage is the most time consuming 
congestion in the aircraft during boarding. The process of storing carry-on luggage in 
the overhead bins creates interferences. 
In the aircraft, there are two aisles. Passengers go to their seats through the 
aisles belonging to their seats. If there is a blockage in the aisles, passengers wait 
where they are, until the passenger in front of them is moving.  
 
 Simulation 
Attributes 
Baggage in flight 
waiting time 
(Triangular 
Distribution) 
Minimum 5 
seconds, average 
25 seconds and 
maximum 60 
seconds 
Golden passengers 
probability 
0.5 % 
Passengers with 
child probability 
1 % 
Group size Varying from 2 to 
5 
 
 
Table 3-3  Passengers’ attributes represent baggage waiting time, gold-class 
passengers percentage, children percentage and group size. 
   
Figure 3.2 and Figure 3.3 illustrate screenshots during the boarding process. 
The first two screenshots show the Boeing 777-200 aircraft’s boarding process. The 
last two screenshots show the Airbus 380 aircraft's boarding process. These figures 
demonstrate the Wilma boarding method. In the figures, rows seem a little wide 
compared to people size. The row widths are the actual sizes, as in the aircraft. The 
row width are purposely widened for better explanation.   
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Figure 3.2 Boarding process screenshots. Screenshots show the Boeing 777 boarding 
process. 
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Figure 3.3 Boarding process screenshots. Screenshots show the Airbus 380 boarding 
process. 
 
 
3.3.1 Flow Rate 
The frequency of passengers entering the aircraft for the simulation, known as the 
flow rate, has been calculated at one every six seconds. Every one-to-six seconds, a 
passenger enters the aircraft. Measurement of the boarding process will begin from 
the moment at which the first passenger enters the aircraft and will end at the point at 
which the last passenger sits in their seats. 
3.3.2 Hand Luggage Distribution 
Hand luggage has been identified as a major cause of delay during the boarding 
process. In the simulation, the distribution of hand luggage is modelled, based on the 
luggage items that passengers carried during the boarding process. This is modelled 
using a triangular probability distribution in the agent simulation. It is defined by its 
minimum (a), most likely (b) and maximum (c) values.  Storing carry-on luggage is 
the most time-consuming congestion in the aircraft during boarding. The process of 
storing carry-on luggage in the overhead bins creates interferences. Table 3-4 
demonstrates hand luggage distribution during the boarding process. 
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Hand Luggage 
Distribution 
Waiting time in 
the aisle 
 5seconds(minimum 
waiting time) - 25 
seconds (average 
waiting time) or 60 
seconds (maximum 
waiting time) 
 
Table 3-4 Hand luggage distribution which determines waiting time in the aisle during the boarding 
process. 
3.4 Aircraft Boarding Methods 
In the thesis, the following aircraft boarding methods were simulated: 
• Wilma method, 
• Steffen method, 
• Random method, 
• By blocks, 
• Back –to- front, 
• By letter. 
 
In practice, most commercial airline companies use what is called a back-to-front 
boarding strategy. The idea is to free the aisle of congestions as much as possible 
(Jan, Katja, Greet, 2009). The logic behind the back to front approach is that the 
congestion of the aircraft aisle will be reduced by freeing the movement of the 
passengers to the back of the aircraft. (Menkes, Rene, Garry, 2003). 
The distribution of passengers travelling through the air transportation system 
includes those travelling for business purposes and those travelling for tourism and 
leisure. Business travellers predominantly travel alone; however, those travelling for 
tourism and leisure are regularly in groups. To reflect this reality in the simulation, 
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all passengers are randomly drawn from a distribution of group sizes where the group 
size predominantly varies from one to five. 
In the arrival, passengers are assigned an attribute, in order to determine their 
seats and behaviour in the group. 
The entire boarding simulation is divided into different stages and is 
explained in Figure 3.3. 
 
 
 
Figure 3.4. Aircraft boarding simulation process 
                . 
3.4.1 Boeing 777-200 Boarding Methods 
 
a.) Wilma Method:   Passengers seated at the windows board first, followed 
by the middle and aisle seats. Inside the group, passengers are ordered randomly. 
Therefore, there are no seat interferences. 
Passengers Arrive at 
the gate 
Passengers Go to 
Waiting Area for 
Boarding 
First Boarding Group: 
Passengers with child 
Second Boarding 
Group: Group size of 
5 people or more  
Third Boarding 
Group: Gold 
members 
Fourth Boarding 
Group: First Class 
Passengers 
Fifth Boarding 
Group: Business 
Class Passengers 
Economy Class 
Passengers are 
Boarded according to 
their boarding zone 
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Simulation running time is approximately 2-4 minutes. Each simulation was 
run ten times in order to obtain the average boarding time. Table 3.5 shows the 
Wilma method boarding results, average boarding time and standard deviation. 
 
B777-200 Wilma method 
Boarding time-minutes 
   
 
1. 35.235 
2. 32.671 
3. 32.821 
4. 29.450 
5. 29.220 
6. 31.020 
7. 33.225 
8. 29.910 
9. 29.200 
10. 31.735 
Average Boarding Time 31.448 
Standard Dev. 2.041 
 
Table 3-5 Wilma method boarding results 
 
Figure 3.5 shows boarding times with a standard deviation in a graph. 
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Figure 3.5. Wilma Method boarding times with standard deviation on Boeing 777-
200. 
 
Aisle delay time was described as the time passengers spent in the aisles while the 
boarding process was in progress. Figure 3.6 demonstrates passengers’ delay times in 
the aisles during the boarding process. The peak of passengers’ percentage is 33%, 
and their delay time is less than five minutes in the aisles. Therefore, 27% of 
passengers’ waiting time in the aisles is 2 minutes. The maximum waiting time is 5 
minutes in the aisles. Passengers wait in the aisles, mostly when the middle seat and 
aisle seat boarding begins. 
 
Figure 3.6. Wilma Method Passengers’ delay in the aisles on the Boeing 777-200. 
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Each passenger’s boarding times are shown on Figure 3.7.  
 
 
Figure 3.7. Wilma Method - each passenger’s boarding times on Boeing 777-200. 
 
Figure 3.8 shows passengers’ waiting time in the queue before boarding. As 
seen in the figure, some passengers are waiting in the queue up to 10 minutes but the 
majority of the passengers are waiting in the queue for less than 5 minutes.  
  
 
Figure 3.8. Wilma method - passengers’ waiting times on Boeing 777-200. 
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Figure 3.9 represents the passengers’ density map while boarding the aircraft. 
The passenger density map shows the crowd of the passengers during the boarding 
process. It explains where passengers queue.  
 
 
 
Figure 3.9. Wilma Method passengers’ density map on Boeing 777-200. 
 
The above figure represents the business-class and first-class section density 
map, and the other figure represents the economy class section density map. First 
class passenger layout is 1 (left side of the aircraft) -2 (middle) -1 (right side of the 
aircraft). Business class passenger layout is 2 (left side of the aircraft) – 2 (middle) – 
2 (right side of the aircraft).  As seen in the figure, passengers are gathered towards 
the middle of the aircraft mostly during the boarding process, due to aisle 
interferences. The Wilma boarding method is subjected to minimal seat interference.  
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b.) Steffen Method: Adjacent passengers in line are sitting two rows apart 
from each other in corresponding seats. (e.g., 12A, 10A, 8A, 6A. etc.) (Jason H. 
Steffen & John Hotchkiss, 2012). Table 3.6 shows the Steffen method boarding times 
over the ten simulations and the resulting standard deviation.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 3-6 Steffen Method Boarding results on the Boeing 777-200. 
 
Figure 3.10 demonstrates the Steffen method boarding times on a graph. 
 
 B777-200 Steffen Method Boarding 
Time-minutes 
 
    
1 37.707 
2 40.033 
3 41.233 
4 39.480 
5 42.293 
6 40.160 
7 38.300 
8 41.060 
9 42.187 
10 40.853 
Avera
 
40.3306 
Standa
  
1.518 
 Chapter 3: Developing Agent-Based Simulation of Boarding Methods for Airbus 380 and Boeing 777-200 
Aircraft types 49 
 
 
Figure 3.10. Steffen method - boarding times on Boeing 777-200. 
 
Figure 3.11 represents passengers’ delay times in the aisles during the boarding 
process. The delay times mostly are between zero and five minutes, and few 
passengers wait more than five minutes in the aisles. As seen in the figure below, 
approximately 15% of passengers’ delay time is around five minutes in the aisles. 
The difference from the Wilma method is the maximum waiting times in the aisles. 
The Steffen method’s maximum waiting time is more than the Wilma method.  
 
 
 
Figure 3.11. Steffen method aisles delay time on Boeing 777-200. 
 
Passengers’ waiting time in the queues before the boarding process is shown in 
Figure 3.12. Most passengers are waiting in the queue less than 5 minutes, and few 
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passengers are waiting in the queue more than five minutes. One, two, three and four 
represent the boarding groups for the economy class passengers. Economy class 
passengers are divided into four boarding groups depending on their seating 
categories.  The waiting times in the queue are more than the Wilma method because 
there are more groups during the boarding process compared to the Wilma method. 
 
  
 
 
 
Figure 3.12. Steffen method passengers’ waiting time in the queues on Boeing 777-
200. 
 
Figure 3.13 demonstrates passengers’ density map while boarding the aircraft. 
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Figure 3.13. Steffen method passengers’ density map on the Boeing 777-200. 
 
As seen in Figure 3.13, passengers are accumulated along the aircraft during 
the boarding process due to aisle and seat interferences. The Steffen method is more 
subject to seat interferences than the Wilma method. As a result of this, passengers 
have waited and queued in the aisles more than in the Wilma method during the 
boarding process. The first figure shows the business class section passengers’ 
density map and the second figure represents the economy class section passengers’ 
density map.  
 
c.) Random Method:  All passengers are boarding together, without a specific 
order (Richard Cimler & Eva Kautzka & Kamila Olsevicova & Martin Gavalec, 
2006). The simulation model was run ten times and results were gathered for the 
average boarding time. 
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Although economy passengers go to their seat randomly, economy passengers 
were divided into five different groups in order to avoid long queues at the gate and 
avoid a significant delay in the boarding process. Table 3.7 shows boarding times 
that were obtained by running the simulation ten times. 
 
B777-200 Random Method 
Boarding Time -minutes 
1 29.371 
2 28.835 
3 30.145 
4 28.867 
5 29.154 
6 27.749 
7 33.520 
8 31.010 
9 34.720 
10 33.484 
Average 30.685 
Standard Dev. 2.402 
 
Table 3-7 Random method boarding results on Boeing 777-200. 
 
Figure 3.14 shows Random method boarding times on a graph. 
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Figure 3.14. Random method boarding times on Boeing 777-200. 
 
 
Figure 3.15 represents the random method aisle delay times. As seen in the figure, 
approximately 22% of passengers’ delay time is around five minutes in the aisles. 
The waiting time for the greater number - of passengers is below 10 minutes during 
the boarding process. Slightly more than 60% of passengers’ delay time is between 
two and seven minutes and slightly less than 15% of passengers’ delay time is less 
than two minutes. In the random method, instances where the aisle and seat 
interferences occur are not predictable.   
 
 
 
Figure 3.15. Random method- aisle delay times on the Boeing 777-200. 
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Figure 3.16 shows each passenger’s boarding time accordingly.  
 
Figure 3.16. Random method - each passenger’s boarding time on Boeing 777-200. 
 
Figure 3.17 represents the random method queue waiting times before 
boarding. The maximum waiting time in the queue before boarding is approximately 
4.5 minutes. The wait time for the majority of passengers who are waiting in the 
queue before boarding is below four minutes, and few passengers are waiting in the 
queue more than four minutes.  In this method, passengers who are in the groups are 
divided into three parts in order to avoid congestion at the gate. Passengers randomly 
join their groups, and it is not easy to predict how big the group will be. Therefore, 
overall waiting times are less than the Wilma and Steffen boarding methods. 
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 Figure 3.17. Random Method Queue Waiting Times on Boeing 777-200. 
 
Figure 3.18 shows aisle density while boarding for the random method. 
     
                 
Figure 3.18 Random method passengers’ density map on Boeing 777-200. 
 
As seen in the figure, passengers accumulated in the front of the aircraft, and 
passengers gathered partially in the middle of the aircraft during the boarding 
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process, due to seat and aisle interferences. Passengers queue mostly in the middle of 
the aircraft, and the maximum passenger density is approximately 0.25 
passengers/𝑚2. 
 
d.) Blocks Method:  Boarding in four-row blocks.  The back four rows are the 
first boarding, followed by the front block and finishing with the centre four rows 
block (Richard Cimler & Eva Kautzka & Kamila Olsevicova & Martin Gavalec, 
2006). 
In the simulation, the back nine rows are the first boarding; the front nine rows 
are the second boarding, and the middle eleven rows are the third boarding.  
Table 3.8 and Figure 3.19 show the blocks method boarding times and standard 
deviation respectively. 
 
B777-200 Block Method 
Boarding Time -minutes 
1 37.420 
2 36.053 
3 33.907 
4 31.493 
5 36.407 
6 36.953 
7 32.973 
8 33.074 
9 36.473 
10 35.293 
Average 35.004 
Standard  
Dev. 2.009 
 
Table 3-8 Blocks Method- boarding results on the Boeing 777-200. 
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Figure 3.19. Blocks Method - boarding times on the Boeing 777-200. 
 
In the simulation, there are three main boarding groups after the business and 
first-class passengers are seated. In these main boarding groups, passengers are 
subjected to aisle and seat interferences. Due to these interferences, there are delays 
in the aisles during the boarding process. Figure 3.20 shows passengers’ delay time 
in the aisles during boarding. Most passengers’ delay time in the aisle is around four 
minutes. Around 10 percent of passengers are waiting 10 minutes in the aisles. 
However, over 60% of passengers’ delay time in the aisles is between two and seven 
minutes, and they comprise the majority of passengers.  
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    Figure 3.20. Blocks method -  aisle delay time on the Boeing 777-200. 
 
Figure 3.21 represents each passenger’s boarding time accordingly. 
 
Figure 3.21. Blocks method - each passenger’s boarding time on the Boeing 777-
200. 
 
Figure 3.22 demonstrates passengers’ queue time during boarding process. 
Passengers wait less than five minutes during boarding process, mostly.  
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Figure 3.22. Blocks method - queue waiting time on the Boeing 777-200. 
 
Figure 3.23 shows aisle density while boarding for the blocks method. 
            
 
            
Figure 3.23 Blocks method - passengers’ density map on Boeing 777-200. 
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As seen in the figure, passengers accumulated in the front of the aircraft and 
gradually spread out along the aircraft during the boarding process, due to seat and 
aisle interferences. There are few crowds for the first-class and business-class 
passengers because of the total number of seats and seats sizes. Boarding starts with 
the last blocks of the aircraft and because of that, the first crowd appears in the last 
blocks of the aircraft. Due to boarding strategy, this boarding method is subject to 
more seat interferences than aisle interferences. 
e.) Back – to - Front Method: Boarding starts with the passengers seating the back 
of the aircraft and gradually moves to the front of the aircraft. The boarding method 
is divided into five parts to avoid delays at the gate. Table 3.9 and Figure 3.24 show 
boarding times accordingly. 
  B777-200 Reverse Pyramid Boarding Time -minutes 
1 27.265 
2 33.075 
3 29.238 
4 30.832 
5 28.522 
6 27.989 
7 31.595 
8 27.494 
9 30.590 
10 29.814 
Average 29.641 
Standard Dev. 1.896 
 
Table 3-9 Back – to - Front method boarding times on the Boeing 777-200. 
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Figure 3.24. Back – to - Front method boarding times on the Boeing 777-200. 
 
Figure 3.25 shows passengers’ delay time in the aisles during boarding.  As seen in 
the figure, approximately 48% of passengers’ delay time is around four minutes in 
the aisles. Very few passengers are waiting 10 minutes or more in the aisles. A delay 
time of up to seven minutes comprises the plurality of the passengers. In this 
boarding strategy, passengers are subject to more seat interferences than aisle 
interferences during the boarding process. 
 
 
Figure 3.25. Back- to- Front method- aisle delay time on the Boeing 777-200. 
 
Figure 3.26 represents each passenger’s boarding time accordingly. 
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Figure 3.26. Back- to- Front method - each passenger’s boarding time on the Boeing 
777-200. 
Figure 3.27 illustrates passengers’ queue time during the boarding process. As 
seen in the figure, most passengers are waiting in the queue less than six minutes, 
and few passengers are waiting in the queue more than six minutes. Economy class 
passengers are divided into five different categories in order to avoid congestion at 
the gate.  
  
 
 
Figure 3.27. Back- to -Front method queue waiting time on the Boeing 777-200. 
Figure 3.28 represents aisle density while boarding for the Back – to- Front 
method. 
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Figure 3.28 Back -to -Front method- passengers’ density map on the Boeing 777-
200. 
Passengers accumulated in the front of the aircraft and gradually spread out 
along the aircraft during the boarding process. The economy class passengers are 
subjected to aisle and seat interferences during the boarding process. Passengers 
queue mostly in the middle of the aircraft, and the maximum passenger density is 
approximately 0.55 passengers/𝑚2. 
f.) By Letter Process: This is a special type of boarding process, in which 
each class consists of all seats with the same label (A to I) (H. Van Landeghem, 
2002). The experiment shows that minimum boarding time is 45.227 minutes and 
maximum boarding time is 52.247 minutes; these are illustrated in Table 3.10 and 
Figure 3.29 respectively. 
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B777-200  Letter Method 
Boarding Time –minutes 
1 46.807 
2 47.740 
3 49.840 
4 49.050 
5 45.227 
6 48.260 
7 52.247 
8 46.660 
9 46.120 
10 46.920 
Average 47.887 
Standard Dev. 2.058 
 
Table 3-10 By letter method boarding times on the Boeing 777-200. 
 
 
 
 
 
 
Figure 3.29. By -letter method- boarding times on the Boeing 777-200. 
 
Passengers’ aisle waiting times are shown on Figure 3.30. Approximately 25% of 
passengers’ delay time is around five minutes in the aisles. In this boarding strategy, 
the majority of passengers wait in the aisles, mostly between two and seven minutes. 
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Therefore, 10% of passengers wait in the aisles less than two minutes. In this 
boarding strategy, there are fewer seat interferences than aisle interferences. 
 
Figure 3.30. By letter method aisle delay time on the Boeing 777-200. 
 
Figure 3.31 represents each passenger’s boarding time accordingly. 
 
Figure 3.31. By-letter method - each passenger’s boarding time on the Boeing 777-
200. 
 
Figure 3.32 illustrates passengers’ queue time during boarding process.  
Passengers are waited in the queue more than the other boarding methods because of 
the boarding method. Economy class passengers are divided into nine different 
groups depending on their seat letters. 
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Figure 3.32. By - letter method - queue waiting time on the Boeing 777-200. 
 
Figure 3.33 shows aisle density while boarding for the By letter method. 
    
 
                  
Figure 3.33 By- letter method- passengers’ density map on the Boeing 777-200. 
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Passengers gathered in the aisles of the aircraft mostly. The aircraft boarding 
process starts with the letter A and gradually develops to the last seat letter. This 
boarding method is subjected to aisle interferences more than seat interferences 
because passengers enter the aircraft by their seat letter starting with A. 
 
3.4.2 Comparison of Boeing 777 Boarding Methods 
 
Each boarding method is run ten times in order to gather realistic results on the 
Anylogic 6.8 simulation platform. All boarding results are shown below: 
  Boarding Time-minutes Standard Deviation 
  
Boeing 777-200 
Passenger Number= 313 
Wilma Method 31.448 2.041 
Reverse Pyramid 
(Back To Front) 29.641 1.896 
Steffen Method 40.330 1.518 
Random Method 30.685 2.402 
Blocks 35.004 2.009 
By Letter 47.887 2.058 
 
Table 3-11 Boarding times overall 
 
As seen on the table above, the Reverse Pyramid (Back to Front) method is the 
fastest boarding method because it is under the influence of fewer aisles and seat 
interferences during the boarding process. The maximum waiting time in the aisles is 
10 minutes, which is explained in the by - letter and the Steffen methods.  
The Wilma boarding method is subject to no seat interferences. Despite this, its 
boarding time is more than the Steffen methods’ boarding time. The Steffen boarding 
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method has fewer aisle interferences than the Wilma boarding method, and it plays at 
significant role in the boarding time.  
3.4.3 Airbus A380 Boarding Methods 
 
In this section passengers who are in groups or have a child on board are 
divided into two or three parts in order to avoid congestion at the gate. 
 
a.) Wilma Method 
 
 
Figure 3.34 represents boarding times on a graph for the Wilma method. Table 
3.12 represents boarding times on a table. 
  
A380 Wilma Method Boarding Time -
minutes 
1 55.367 
2 58.167 
3 57.553 
4 52.060 
5 55.500 
6 55.140 
7 53.687 
8 54.533 
9 58.020 
10 55.953 
Average 55.598 
Standard 
Dev. 1.943 
 
Table 3-12 Wilma Method- boarding times on the Airbus 380. 
 
 
 Chapter 3: Developing Agent-Based Simulation of Boarding Methods for Airbus 380 and Boeing 777-200 
Aircraft types 69 
 
Figure 3.34. Wilma Method- boarding times on Airbus 380. 
 
Figure 3.35 shows passengers’ aisle waiting times. Average waiting time is 5 
minutes while boarding. Very few passengers are waiting 15 minutes or more in the 
aisles. The waiting time of the majority of passengers is less than 12 minutes during 
the boarding process. This type of boarding process has no seat interferences while 
the boarding process is in progress.  
    
 
Figure 3.35. Wilma Method- aisle delay times on Airbus 380. 
 
 
Figure 3.36 shows each passenger’s boarding time accordingly. 
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Figure 3.36 Wilma Method- each passenger’s boarding time on Airbus 380. 
 
 
Figure 3.37 demonstrates passengers’ queue time during boarding process. As 
seen in the figure below, the longest waiting time is more than four minutes during 
the boarding process. 
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Figure 3.37. Wilma method- queue waiting times on the Airbus 380. 
 
Figure 3.38 demonstrates aisle density while boarding for the Wilma method. 
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Figure 3.38. Wilma method passengers’ aisle density on Airbus 380. 
 
 The first figure represents the first class passenger layout. The second figure 
represents the first level’s economy class passenger layout. The third figure 
shows the second level’s economy class passenger layout. As seen in the 
figure, passengers  gathered in the front of the aircraft and gradually spread 
out along the aircraft during the boarding process. Passengers queue in the 
aisles of the second level of the aircraft due to aisle interferences. The 
maximum density is 0.50 passengers per square metre. 
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b.) Steffen Method 
 
Figure 3.39 shows boarding times on a graph for the Steffen method. Table 
3.13 represents boarding times on the table. 
  
A380 Steffen Method Boarding 
Time -minutes 
1 38.693 
2 38.713 
3 38.547 
4 39.153 
5 38.013 
6 38.493 
7 40.153 
8 40.427 
9 40.120 
10 42.320 
Average 39.463 
Standard 
Dev. 1.296 
 
 
Table 3-13 Steffen Method boarding times on Airbus 380 
 
 
 
 
Figure 3.39. Steffen Method boarding times on Airbus 380. 
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Figure 3.40 shows passengers’ aisle waiting times. Average waiting time is 8 
minutes while boarding the aircraft. Approximately 3 % of passengers’ delay time in 
the aisles is around 16 minutes. Over 60% of the passengers’ waiting time is between 
five and eleven minutes.  
 
Figure 3.40. Steffen method -aisle delay times on Airbus 380. 
 
Figure 3.41 represents each passenger’s boarding time accordingly.  
 
 
Figure 3.41 Steffen method -each passenger’s boarding time on Airbus 380. 
 
Figure 3.42 shows passengers’ queue time during boarding process. The 
waiting time reaches up to 15 minutes during the boarding process. Economy class 
passengers are divided into four groups, which is less than the Wilma boarding 
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method. Therefore, waiting times in the queue is more than the Wilma boarding 
method because of the number of passengers of each group is higher than the Wilma 
boarding method.  
 
  
 
 
 
Figure 3.42. Steffen method- queue waiting times on Airbus 380. 
 
Figure 3.43 represents aisle density while boarding using the Steffen method. 
This boarding strategy is subject to aisle and seat interferences because of the 
passengers gather in the front of the aircraft at the beginning of the boarding process. 
This boarding method is exposed to fewer seat interferences than aisle interferences 
because of the boarding strategy. The maximum density is 0.25 passengers per 
square meter. 
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Figure 3.43. Steffen method- passengers’ aisle density on Airbus 380. 
 
 
 
c.) Random Method 
 
Figure 3.44 shows boarding times on a graph for the random method. Table 
3.14 represents boarding times on a table. 
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A380 Random Method Boarding 
Time -minutes 
1 52.173 
2 49.733 
3 52.207 
4 50.260 
5 53.560 
6 51.653 
7 50.667 
8 50.813 
9 52.860 
10 52.107 
Average 51.603 
Standard 
Dev. 1.209 
 
Table 3-14 Random method - boarding times on Airbus 380 
 
 
 
 
 
 
Figure 3.44. Random method -boarding times on the Airbus 380. 
 
44
46
48
50
52
54
56
1 2 3 4 5 6 7 8 9 10
Boarding Times Boardin…
 Chapter 3: Developing Agent-Based Simulation of Boarding Methods for Airbus 380 and Boeing 777-200 
Aircraft types 78 
Figure 3.45 demonstrates passengers’ aisle waiting times. The majority of 
passengers’ waiting time is between zero and twenty minutes but average waiting 
time is ten minutes while boarding. A few passengers wait twenty minutes or more in 
the aisles.   
 
 
Figure 3.45. Random method- aisle delay time on Airbus 380. 
 
Figure 3.46 represents each passenger’s boarding time accordingly.  
  
 
Figure 3.46 Random method - each passenger’s boarding time on Airbus 380. 
 
Figure 3.46 shows passengers’ queue time during boarding process. The 
maximum waiting time is four minutes during the boarding process. 
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Figure 3.47. Random method -queue waiting times on Airbus 380. 
 
 
Figure 3.48 represents aisle density while boarding for the random method. 
Passengers enter the aircraft randomly without any boarding groups or rules ; 
because of that passengers are subject to seat and aisle interferences. Due to the total 
number of passengers and the seat configuration, passengers tend to queue through 
the middle of the aircraft. The maximum density during the boarding process is 0.25 
passengers per square metre. 
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Figure 3.48 Random method -passengers’ aisle density on Airbus 380. 
 
d.) Blocks Method 
 
Figure 3.49 shows boarding times on a graph for the blocks method. Table 3.15 
represents boarding times on the table. 
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A380 Block Method Boarding 
Time -minutes 
1 48.120 
2 48.053 
3 48.680 
4 50.193 
5 48.660 
6 47.993 
7 51.060 
8 47.380 
9 46.087 
10 50.107 
Average 48.633 
Standard Dev. 1.474 
 
 
Table 3-15 Blocks method -boarding times on Airbus 380 
 
 
Figure 3.49. Blocks Method- boarding times on the Airbus 380. 
 
Figure 3.50 demonstrates passengers’ aisle waiting times. A small number of 
passengers wait twenty minutes or more in the aisles while the boarding process is in 
progress. Over 80% of passengers comprise the majority of delay times in the aisles; 
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the delay time is between seven minutes and seventeen minutes and the average 
waiting time is eight minutes during the boarding process.  
 
 
Figure 3.50. Blocks method -aisle delay times on Airbus 380. 
 
Figure 3.51 shows each passenger’s boarding time accordingly. 
 
Figure 3.51 Blocks method- each passenger’s boarding time on Airbus 380. 
 
Figure 3.52 represents passengers’ queue time before the boarding process. In 
the beginning of the boarding process, passengers are waiting in the queue up to ten 
minutes, but the waiting time is decreased to four minutes at most for the rest of the 
boarding process. Passengers are divided in-to boarding groups before the boarding 
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starts, depending on their seat numbers. Economy class passengers are divided into 
twelve different groups because of the total number of rows and passengers. 
 
 
  
 
 
Figure 3.52. Blocks method -queue waiting times on the Airbus 380. 
 
Figure 3.53 shows aisle density while boarding for the blocks method. As seen 
in the figure below, passengers accumulated in the front of the aircraft and gradually 
spread out along the aircraft during the boarding process. Because of the number of 
groups before the boarding process, there have been queues in the aircraft due to seat 
and aisle interferences. This type of boarding strategy is exposed to more aisle 
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interference than seat interferences but still the total interference causew the majority 
of the delays. 
 
 
  
 
 
Figure 3.53 Blocks method -passengers’ aisle density on Airbus 380. 
 
 
 
 
 
e.) Back to Front Method 
 
Figure 3.54 shows boarding times on a graph for the back –to- front method. 
Table 3.16 represents boarding times on a table. 
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A380 Reverse Pyramid Boarding 
Time -minutes 
1 43.520 
2 46.067 
3 44.480 
4 43.147 
5 44.040 
6 42.880 
7 44.567 
8 43.373 
9 42.913 
10 44.893 
Average 43.988 
Standard Dev. 1.022 
 
Table 3-16 Back – to - front method - boarding times on Airbus 380 
 
 
 
Figure 3.54. Back- to- front method- boarding times on Airbus 380. 
 
Figure 3.55 shows passengers’ aisle waiting times. As seen in the figure, 
average waiting time is twelve minutes while boarding. This boarding method has 
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less aisle interference than seat interferences. A small number of passengers wait 
twenty- two minutes or more in the aisles during the boarding process.  
 
 
Figure 3.55. Back - to - front method - aisle delay times on the Airbus 380. 
 
Figure 3.56 represents each passenger’s boarding time accordingly. 
 
Figure 3.56 Back – to - front method - each passenger’s boarding time on Airbus 
380. 
 
Figure 3.57 shows passengers’ queue time before the boarding process. The 
maximum waiting time is five minutes in the queue before the boarding process.   
 
 Chapter 3: Developing Agent-Based Simulation of Boarding Methods for Airbus 380 and Boeing 777-200 
Aircraft types 87 
  
 
 
 
Figure 3.57. Back - to - front method - queue waiting times on Airbus 380. 
 
Figure 3.58 demonstrates aisle density while boarding for the back – to - front 
method. Due to the boarding strategy, passengers experienced fewer aisle 
interferences than seat interferences. Therefore, passengers endured the delays during 
the boarding process because of the total number of passengers and the aircraft 
layout. 
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Figure 3.58 Back – to - front method - passengers’ aisle density on Airbus 380. 
 
 
f.) By letter Method 
 
Figure 3.59 shows boarding times on a graph for the by- letter method. Table 
3.17 represents boarding times on the table. 
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A380 Letter Method Boarding Time -
minutes 
1 63.587 
2 64.587 
3 65.907 
4 64.387 
5 70.013 
6 59.253 
7 62.647 
8 61.680 
9 64.000 
10 64.153 
Average 64.021 
Standard Dev. 2.793 
 
 
Table 3-17 By- letter method- boarding times on the Airbus 380 
 
 
 
Figure 3.59. By letter method boarding times on the Airbus 380. 
 
Figure 3.60 shows passengers’ aisle waiting times. Average waiting time is 
twelve minutes while boarding. Passengers queue in the aisles because they are 
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subject to more aisle interferences. Less than 5% of passengers wait more than 
twenty minutes in the aisles.  
 
 
 
Figure 3.60. By- letter method - aisle delay times on the Airbus 380. 
 
Figure 3.61 shows each passenger’s boarding time accordingly. 
    
Figure 3.61 By- letter method -each passenger’s boarding time on the Airbus 380. 
 
Figure 3.62 demonstrates passengers’ queue time prior to the boarding process. 
Passengers are separated into sections before the boarding starts. There are eleven 
different groups for the economy class passengers. Passengers enter the aircraft 
group by group. The maximum waiting time in the queue is 4 minutes. Waiting times 
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are less than the other boarding methods because of the number of groups of the 
economy class passengers. 
 
 
  
 
Figure 3.62. By -letter method - queue waiting times on the Airbus 380. 
 
Figure 3.63 demonstrates aisle density while boarding for the by - letter 
method. Because of the boarding strategy, passengers experienced fewer seat 
interferences than aisle interferences. Passengers enter the aircraft from seat letter A 
through seat letter K.  The maximum passenger density in the aircraft is 0.25 
passengers per square metre.  
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Figure 3.63 By -letter method - passengers’ aisle density on Airbus 380. 
 
3.4.4 Comparison of Airbus 380 Boarding Methods 
 
All boarding methods were executed ten times on the Anylogic 6.8 simulation 
platform and results are shown in the table below: 
  Boarding Time-minutes 
Standard 
Deviation 
  Airbus A380 
  Passenger Number= 498 
Wilma Method 55.598 1.943 
Reverse 
Pyramid (Back 
To Front) 
43.988 
1.022 
Steffen Method 39.463 1.296 
Random 
Method 51.603 1.209 
Blocks 48.633 1.474 
By Letter 64.021 2.793 
 
Table 3-18 Boarding times overall 
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 The standard deviation (SD) measures the amount of variation from the 
average. A low standard deviation indicates that the data points tend to be very close 
to the mean; a high standard deviation indicates that the data points are spread out 
over a large range of values. 
As seen on the table, the Steffen method is the fastest boarding method because 
the Steffen method is under the influence of fewer aisle interferences during the 
boarding process for the Airbus 380.  
The maximum waiting time in the aisles is 35 minutes, which is the by- letter 
method. The Wilma method reveals the least waiting time in the aisles. Waiting 
times in the queue are similar during boarding for all strategies. Passengers 
experience seat and aisle interferences during the boarding strategies but the Wilma 
boarding method is the least subject to seat interferences followed by  the by - letter 
method.  
 
3.4.5 Comparison of Results for Boeing 777-200 versus Airbus 380 Boarding 
Methods 
 
Each boarding method run ten times on the Anylogic 6.8 simulation platform 
and shows results in the table below: 
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Table 3-19 Boarding times overall. 
Although the fastest boarding strategy is the Reverse Pyramid for Boeing 777-200, 
it is not the best boarding strategy for Airbus 380. The Steffen method uses the least time 
for Airbus 380. The boarding time difference between these two aircraft is due to seat 
lengths, seating capacity and configurations. Each passenger’s boarding time is also 
included in the table.  
The Wilma method on the Boeing 777-200 has less boarding time than the Airbus 
380. The middle seat on the Airbus 380 has a 5 seats configuration compared to the 
Boeing 777, which has only 3 seats. 
For the Boeing 777-200  aircraft, the Reverse Pyramid boarding methods’ 
boarding time is 29.64 minutes, which is the least boarding time but an Airbus 380 
aircraft' boarding time is 43.98 minutes. This is because the Airbus 380 is a double-deck 
aircraft and is more affected by aisle interferences. 
The Steffen method shows the least boarding time for the Airbus 380 aircraft, 
which is 39.46 minutes. The Boeing 777-200’s boarding time is 40.33 minutes. The 
Boarding 
Time-
minutes
Boarding 
Time each 
passenger-
minutes
Standard 
Deviation
Boarding 
Time-
minutes
Boarding 
Time each 
passenger-
minutes
Standard Deviation
Wilma 
Method 31.448 0.100 2.041 55.598 0.112 1.943
Reverse 
Pyramid 
(Back To 
Front)
29.641 0.095 1.896 43.988 0.088 1.022
Steffen 
Method 40.33 0.129 1.518 39.463 0.079 1.296
Random 
Method 30.685 0.098 2.402 51.603 0.104 1.209
Blocks 35.004 0.112 2.009 48.633 0.098 1.474
By Letter 47.887 0.153 2.058 64.021 0.129 2.793
B777-200 A380
Passenger Number= 313 Passenger Number= 498
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Airbus 380 has the advantage of this type of boarding strategy. More passengers are 
boarded at the same time using this type of  boarding strategy on the Airbus 380. 
The random boarding method’s boarding time is affected by only the aircraft’s 
layout, seat configurations and seat capacity,  because there is no set of  boarding rules 
for this type of boarding strategy. 
The Blocks method’s boarding times for the Boeing777-200 and the Airbus 380 
are 35 minutes and 48.6 minutes respectively. The boarding time difference is caused by 
the aircraft configurations and seat capacity.  
For the Boeing 777-200  aircraft, the by- letter boarding method’s boarding time is 
47.88 minutes, but the Airbus 380 aircraft' boarding time is 64.02 minutes. This type of 
boarding method is exposed to less seat interferences than aisle interferences.  
3.5 Chapter Summary 
 
This chapter has compared the existing boarding methods using an agent-based 
modelling approach. The simulation model has explicitly included different 
passenger categories such as first class, business class and gold-class member 
passengers.  
Each boarding method has been executed ten times in order to determine the 
average boarding time. The simulation platform was created in the Anylogic 
simulation program.  
Passengers enter the queue before boarding, based on their attributes. Once the 
boarding starts, passengers are released from the first queue through the aircraft. In 
the aircraft, passengers experience seat and aisle interferences, which affect the 
boarding time as well as the Turn Time. 
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The best boarding strategy for the Boeing 777-200 is the Reverse Pyramid 
boarding strategy and its boarding time is 29.64 minutes. The best boarding time for 
the Airbus 380 aircraft is the Steffen method and its boarding time is 39.46 minutes. 
The next chapter demonstrates new proposed boarding strategies in order to 
reduce boarding time as well as Turn Time.  
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4 Proposed New Boarding Methods 
4.1 Introduction 
 
In the previous chapter, the simulation program was developed for the existing 
boarding strategies from the literature to find out the fastest boarding time in the rich 
simulation environment of an agent-based model.  
In this chapter, nine new alternative boarding strategies will be introduced in 
order to investigate new approaches to reduce aircraft Turn Time. These methods are 
the Aisle boarding first method, the Row arrangement method, the Row blocks 
method, the Row jump method, the Row middle method, the Window first method, 
the Aisle seats first method, the Middle seats first method and the Jump seats 
method. The existing boarding strategies are not appropriate because they are not 
covering all possibilities of the aircraft boarding strategies. They need to be 
expanded to find out the minimum boarding time. 
Airlines can implement these new boarding methods by introducing pre-
boarding areas or new communication systems with passengers, for example sending 
a text message to their mobile phone to notify them of their boarding zone and time. 
 To illustrate these boarding strategies, a colour code will be utilised in the 
following figures in this section, to clearly specify the calling order of different seats 
during the boarding process.  
This chapter starts with introducing new boarding methods for Boeing 777-200 
and Airbus 380 in Section 4.2. In this section, boarding times have been analysed for 
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each aircraft type. Aisle delayed times for each aircraft type have been compared 
while boarding in the process.    
4.2 New Boarding Methods for Boeing 777-200 and Airbus 380 
4.2.1 Aisle Boarding First Method 
In this boarding method, all middle block passengers are seated first; the 
window seat, middle seat and aisle seat passengers follow them, respectively. This 
causes medium seat and aisle interferences. The simulation program is run 10 times. 
Figure 4.1 shows “aisle boarding first” method configuration.  
                      
  
 
                  
                      
                      
                      
                      
                      
 
Seat type 1 Seat type 2   Seat type 3 Seat type 4 
 Figure 4.1. Aisle boarding first illustrations. Seat type 1 enters the aircraft first; seat 
type 2 enters the aircraft second; seat type 3 enters the aircraft third, and seat type 4 
enters the aircraft forth. 
 
Table 4-1 represents boarding times for the Aisle boarding first method. 
  
Boarding 
Time-minutes 
Standard 
Deviation 
Boarding Time-
minutes 
Standard Deviation 
  B777-200 A380 
  Passenger Number= 313 Passenger Number= 498 
Aisle boarding 
first method 26.050 minutes 1.551 46.660  minutes 1.322 
 
Table 4-1 Aisle boarding first boarding times 
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As seen in the table above, the Boeing 777-200’s boarding time is better than 
the Airbus 380’s boarding time, due to seat configuration difference and subject to 
fewer seat interferences.   
Figure 4.2 demonstrates aisle delay times for Boeing 777-200 and Airbus 380 
aircraft, respectively. As seen in the figure, waiting times in the aisle on Boeing 777-
200 are less than on Airbus 380 because of seat configuration, seat capacity and 
aircraft layout difference. The boarding process can be divided into two parts. The 
first part starts with boarding all middle seats passengers and the second part starts 
with boarding the rest of the passengers. In the Seat type 1 boarding, aisle and seat 
interferences are-, in effect. However, for the rest of the boarding groups, there are 
fewer seat interferences.    
 
Boeing 777    Airbus 380  
Figure 4.2. Comparison of aisle delay times for two different aircraft types (Boeing 
777-200 and Airbus 380). 
Figure 4.3 demonstrates queue-waiting times for Boeing 777-200 during the 
boarding process. 
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Figure 4.3. Aisle boarding first method- queue waiting time for Boeing 777-200. 
Figure 4.4 demonstrates queue-waiting times for Airbus 380 during the boarding 
procedure. 
  
 
Figure 4.4. Aisle boarding first method - queue waiting time for Airbus 380. 
 
Figure 4.5 shows the aisle density maps for the Boeing 777-200 and Airbus 
380 respectively. Passengers accumulate in the middle of the aircraft because all 
middle rows board first on the Boeing 777-200 and Airbus 380 aircraft. 
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Figure 4.5 The Aisle first boarding methods ‘aisle density map for the Boeing 777-
200 (above) and Airbus 380 (below). 
4.2.2 Row Arrangement Method 
Passengers are seated according to the next rule:  
 Row numbers 14, 17, 20, etc. will be boarded first; row numbers 15, 18, 21, 
etc. will be boarded second, and so on until all rows have boarded. Figure 4.6 shows 
the Row arrangement method configuration. 
      
 
      
 
      
      
 
      
 
      
      
 
      
 
      
      
 
      
 
      
      
 
  
 
  
 
      
      
 
      
 
      
      
 
      
 
      
 
 Seat type 1  Seat type 2   Seat type 3 
Figure 4.6. Row arrangement method illustrations. Seat type 1 enters the aircraft 
first; seat type 2 enters the aircraft second, and seat type 3 enters the aircraft third. 
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Table 4-1 shows boarding times for the Row arrangement method. 
  
Boarding 
Time-minutes 
Standard 
Deviation 
Boarding Time-
minutes 
Standard Deviation 
  B777-200 A380 
  Passenger Number= 313 Passenger Number= 498 
Row 
arrangement 
method 
34.050 minutes 1.324 
 
42.773  minutes 1.376 
 
 
Table 4-2 Row arrangement method boarding times 
Figure 4.7 demonstrates aisle delay times for Boeing 777-200 and Airbus 380 
aircraft types. As seen in the Figure, waiting times in the aisle on Boeing 777-200 are 
much less than Airbus 380 because of seat configuration, seat capacity and aircraft 
layout difference. Airbus 380’s aisle delay time reaches up to twenty minutes, but 
Boeing 777-20’s aisle delay time is a maximum of fifteen minutes. 
 
Boeing 777    Airbus 380 
Figure 4.7. Comparison of aisle delay times for two different aircraft types (Boeing 
777-200 and Airbus 380). 
Figure 4.8 shows queue times for Boeing 777-200 and Airbus 380 aircraft 
types during the  boarding process. 
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Figure 4.8. Row arrangement method- queue waiting time for Boeing 777-200 
(above) and Airbus 380(below). 
As can be seen in the figure, Boeing 777-200 waiting is less than Airbus 380 
waiting time due to the seat configuration difference. In this boarding method, 
passengers are exposed to less aisle interference than seat interference.  
Figure 4.9 illustrates the aisle density maps for the Boeing 777-200 and Airbus 
380 respectively. Passengers  accumulate at both the entry of the aircraft and middle 
of the aircraft during the boarding for the Boeing 777-200 aircraft. On the Airbus 380 
aircraft, passengers accumulate at the entry of the aircraft during the boarding 
process. The maximum density for both the aircraft types is 0.25 passenger per 
square metre. 
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Figure 4.9 The Row arrangement boarding method’s -‘aisle density map for the 
Boeing 777-200(above) and Airbus 380(below). 
 
4.2.3 Row Blocks Method 
Passengers are seated according to the following rule:   
The last ten rows and seats on the window sides boarded first. The next ten 
rows and seats on the window sides boarded second. The rest of the rows and seats 
on the window sides boarded third. The last ten rows and seats on the middle sides 
boarded fourth. The next ten rows and seats on the middle sides boarded fifth. The 
rest of the rows and seats on the middle sides boarded sixth. Figure 4.10 shows the 
“row blocks” method figuration. 
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Seat type 1   Seat type 2 Seat type 3 Seat type 4 
Seat type 5 Seat type 6 
Figure 4.10. Row blocks method illustrations. Seat type 1 enters the aircraft first; seat 
type 2 enters the aircraft second; seat type 3 enters the aircraft third; seat type 4 
enters the aircraft fourth, seat type 5 enters the aircraft fifth and seat type 6 enters the 
aircraft sixth. 
 
Table 4-3 shows boarding times for the “row blocks” method. 
  
Boarding 
Time-minutes 
Standard 
Deviation 
Boarding Time 
minutes 
Standard Deviation 
  B777-200 A380 
  Passenger Number= 313 Passenger Number= 498 
Row Blocks 
method 38.830 minutes 
 
1.090 
 
61.627  minutes 1.453 
 
Table 4-3Row blocks method boarding times 
Figure 4.11 illustrates aisle delay times for Boeing 777-200 and Airbus 380 
aircraft types. Passengers’ wait times in the aisle on the Boeing 777-200 are much 
less than the Airbus 380. Airbus 380s aisle delay time reaches up to twenty minutes, 
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but Boeing 777-200’s aisle delay time is maximum fifteen minutes. Over 15% of 
passengers on the Boeing 777-200 comprised the majority of delay times. On the 
other hand, over 20% of passengers on the Airbus 380 comprised the majority of 
delay times.  
 
 
Boeing 777    Airbus 380 
Figure 4.11. Comparison of aisle delay times for two different aircraft types (Boeing 
777-200 and Airbus 380). 
Figure 4.12 illustrates queue-waiting time before boarding for Boeing 777-200 
and Airbus 380 aircraft types while boarding is in process.  
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Figure 4.12. Row blocks method -queue waiting time for Boeing 777-200 and Airbus 
380. 
 
Figure 4.13 illustrates the aisle density maps for the Boeing 777-200 and 
Airbus 380 respectively. During the boarding process, passengers queue at the entry 
of the Boeing 777-200 aircraft. Passengers’ density at the entry reaches 0.75 
passengers per square metre. On the Airbus 380 aircraft, passengers gather at the 
entry of the aircraft mostly, during the boarding process.  
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Figure 4.13 The Row blocks boarding method’s- ‘aisle density map for the Boeing 
777-200(above) and Airbus 380(below). 
 
4.2.4 Row Jump Method 
Row numbers 14, 16, 18, etc. will be boarded first. Row numbers 15, 17, 19, 
etc. will be boarded second. Figure 4.14 shows the “row jump” method 
configuration. 
 
Seat type 1 Seat type 2 
Figure 4.14. Row jump method illustrations. Seat type 1 enters the aircraft first; seat 
type 2 enters the aircraft second. 
 
Table 4-4 shows boarding times for the “row jump” method. 
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Boarding 
Time-minutes 
Standard 
Deviation 
Boarding Time 
minutes 
Standard Deviation 
  B777-200 A380 
  Passenger Number= 313 Passenger Number= 498 
Row Jump 
method 40.330  minutes 
 
1.457 
 
51.160  minutes 
 
0.876 
 
 
Table 4-4 Row jump method  boarding times 
Figure 4-15 illustrates aisle delay times for Boeing 777-200 and Airbus 380 
aircraft types. The maximum waiting times are twelve minutes and eighteen minutes 
respectively. The main reason for the difference in waiting times is seat 
interferences. This type of boarding strategy is exposed to less aisle interferences.  
 
Boeing 777    Airbus 380 
 
Figure 4.15. Comparison of aisle delay times for two different aircraft types (Boeing 
777-200 and Airbus 380). 
 
Figure 4-16 illustrates queue-waiting time before boarding for Boeing 777-200 
and Airbus 380 aircraft types.  
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Figure 4.16. Row jump method - queue waiting time for Boeing 777-200 (above) 
and Airbus 380 (below). 
 
Figure 4.17 shows the aisle density maps for the Boeing 777-200 and Airbus 
380 respectively. In this type of boarding strategy, passengers are lined both entries 
of the aircraft, mostly on the Boeing 777-200 aircraft and Airbus 380 aircraft during 
the boarding process. 
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Figure 4.17 The Row jump boarding method’s- ‘aisle density map for the Boeing 
777-200(above) and Airbus 380(below). 
 
4.2.5 Row Middle Method 
All middle rows will be boarded first (such as row numbers between 18 and 
30); the last 10 rows will be boarded second, and first 10 rows will be boarded third. 
Table 4-5 shows boarding times for the “row middle” method. 
  
Boarding Time 
minutes 
Standard 
Deviation 
Boarding Time 
minutes 
Standard Deviation 
  B777-200 A380 
  Passenger Number= 313 Passenger Number= 498 
Row Middle 
method 39.085 minutes 
 
1.322 
 
52.827  minutes 
 
1.243 
 
 
Table 4-5 Row middle method boarding times 
 
Figure 4-18 shows the “row middle” method configuration. 
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                        Seat type 1 Seat type 2 Seat type 3 
Figure 4.18. Row middle method illustrations. Seat type 1 enters the aircraft first; 
seat type 2 enters the aircraft second, and seat type 3 enters the aircraft third. 
Figure 4-19 demonstrates aisle delay times for Boeing 777-200 and Airbus 380 
aircraft types. The average waiting times in the aisles are five minutes and ten 
minutes respectively. Over 40% of passengers comprise the majority of passengers’ 
delay time for the Boeing 777-200. On the other hand, over 60% of passengers cover 
the majority of passengers’ delay times for the Airbus 380. 
 
Boeing 777    Airbus 380 
Figure 4.19. Comparison of aisle delay times for two different aircraft types (Boeing 
777-200 and Airbus 380). 
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Figure 4-20 demonstrates queue-waiting time before the boarding for Boeing 
777-200 and Airbus 380 aircraft types. 
 
  
 
 
  
 
 
Figure 4.20. Row middle method - queue waiting time for Boeing 777-200 (above) 
and Airbus 380 (below). 
Figure 4.21 illustrates the aisle density maps for the Boeing 777-200 and 
Airbus 380 respectively. In this boarding method, passengers queue at the front of 
Boeing 777-200 and passenger density is reached at 0.75 passengers per square metre 
during the boarding process. On the other hand, passengers accumulate at the 
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entrance of Airbus 380 for both levels. The maximum density is 0.25 passengers per 
square metre. 
 
    
Figure 4.21 The Row middle boarding method’s - ‘aisle density map for the Boeing 
777-200(above) and Airbus 380(below). 
 
4.2.6 Window First Method 
In this boarding method, window seat passengers on both sides are boarded 
first, seats in the middle of the aisle will be boarded second; the remaining seats will 
be boarded last. Table 4-6 shows boarding times for the “window first” method. 
  
Boarding Time 
minutes 
Standard 
Deviation 
Boarding Time 
minutes 
Standard Deviation 
  B777-200 A380 
  Passenger Number= 313 Passenger Number= 498 
Window First 
method 44.960 minutes 
 
1.774 
 
52.300  minutes 1.238 
 
Table 4-6Window first method boarding times 
 
Figure 4-22 shows the “window first” method configuration. 
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Seat type 1  Seat type 2 Seat type 3 
Figure 4.22.  Window first method illustrations. Seat type 1 enters the aircraft first; 
seat type 2 enters the aircraft second, and seat type 3 enters the aircraft third. 
 
Figure 4-23 demonstrates aisle delay times for Boeing 777-200 and Airbus 380 
aircraft types. At the beginning of the boarding strategy, passengers are exposed to 
much fewer seat interferences as the window seat passengers on both sides are 
boarded first. The waiting times are reached, up to twelve minutes and eighteen 
minutes respectively.   
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Boeing 777    Airbus 380 
Figure 4.23. Comparison of aisle delay times for two different aircraft types (Boeing 
777-200 and Airbus 380). 
 
Figure 4-24 demonstrates queue-waiting time before the boarding for Boeing 
777-200 and Airbus 380 aircraft types. 
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Figure 4.24. Window first method - queue waiting time for Boeing 777-200 (above) 
and Airbus 380 (below). 
 
Figure 4.25 shows the aisle density maps for the Boeing 777-200 and Airbus 
380 respectively. Passengers queue at the front of Boeing 777-200 and passenger 
density is reached at 0.75 passengers per square metre during the boarding process. 
In the aisles, passengers are subject to aisle interferences first because of the 
boarding strategy. Passengers accumulated at the entrance of Airbus 380. This type 
of boarding method is exposed to less seat interferences than aisle interferences.  
 
 
    
 
Figure 4.25 The Window first boarding methods ‘aisle density map for the Boeing 
777-200 (above) and Airbus 380 (below). 
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4.2.7 Aisle Seats First Method 
In this boarding method, aisle seats on the window sides are boarded first, with 
seats in the middle of the aisle boarded second; the rest of seats are  boarded last. 
Figure 4-26 shows the “aisle seats first” method configuration. 
                         
                     Seat type 1 Seat type 2 Seat type 3 
Figure 4.26. Aisle seats first method illustrations. Seat type 1 enters the aircraft first; 
seat type 2 enters the aircraft second, and seat type 3 enters the aircraft third. 
 
Table 4-7 shows boarding times for aisle seats first method. 
  
Boarding Time 
minutes 
Standard 
Deviation 
Boarding Time 
minutes 
Standard Deviation 
  B777-200 A380 
  Passenger Number= 313 Passenger Number= 498 
Aisle seats first 
method 45.575 minutes 
 
1.362 
 
57.233  minutes 1.136 
 
 
Table 4-7 Aisle seats first method boarding times 
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Figure 4-27 demonstrates aisle delay times for Boeing 777-200 and Airbus 380 
aircraft types respectively. 
 
Boeing 777    Airbus 380 
Figure 4.27. Comparison of aisle delay times for two different aircraft types (Boeing 
777-200 and Airbus 380). 
 
Figure 4-28 demonstrates queue-waiting time before the boarding for Boeing 
777-200 and Airbus 380 aircraft types. In this type of boarding method, aisle seats on 
the window sides are boarded first. Because of this, there are fewer seat interferences 
in the beginning of the boarding process. The maximum waiting times are eleven 
minutes and twenty-one minutes respectively.  
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Figure 4.28. Aisle seats first method - queue waiting time for Boeing 777-200 
(above) and Airbus 380 (below). 
Figure 4.29 demonstrates the aisle density maps for the Boeing 777-200 and 
Airbus 380 respectively. Passengers’ density at the entry is much higher than the 
other parts of the aircraft for the Boeing 777-200. Therefore, passengers queue from 
the entry through the middle of the aircraft during the boarding process for the 
Airbus 380 aircraft. 
 
 
    
 
Figure 4.29 The Aisle seats first boarding method’s - ‘aisle density map for the 
Boeing 777-200 (above) and Airbus 380 (below). 
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4.2.8 Middle Seats First Method 
In this boarding method, middle seats on the window sides are boarded first, 
with seats in the middle of all aisles boarded second; the rest of seats are boarded 
last. Figure 4-30 shows the “middle seats first” method configuration. 
 
Seat type 1 Seat type 2 Seat type 3 
Figure 4.30. Middle seats first method illustrations. Seat type 1 enters the aircraft 
first; seat type 2 enters the aircraft second, and seat type 3 enters the aircraft third. 
 
Table 4-8 shows boarding times for middle seats first method. 
  
Boarding 
Time- minutes 
Standard 
Deviation 
Boarding Time-
minutes 
Standard Deviation 
  B777-200 A380 
  Passenger Number= 313 Passenger Number= 498 
Middle seats 
first method 43.980 minutes 1.052 51.580  minutes 
 
1.097 
 
 
 
Table 4-8 Middle seats first method boarding times 
 
 
Figure 4-31 demonstrates aisle delay times for Boeing 777-200 and Airbus 380 
aircraft types. Passengers queue at the gate causing delays in the aisles. Middle seat 
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passengers on the window sides boarded first. Seat interference is minimum in the 
beginning of the boarding method. Waiting times in the aisle reach up to eleven 
minutes for the Boeing 777-200 and twenty-two minutes for the Airbus 380.  
 
 
Boeing 777    Airbus 380 
Figure 4.31. Comparison of aisle delay times for two different aircraft types (Boeing 
777-200 and Airbus 380). 
Figure 4-32 illustrates queue-waiting time before the boarding for Boeing 777-
200 and Airbus 380 aircraft types. 
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Figure 4.32. Middle seats first method queue waiting time for Boeing 777-200 
(above) and Airbus 380 (below). 
 
Figure 4.33 shows the aisle density maps for the Boeing 777-200 and Airbus 
380 respectively. Passengers are gathered at the entry of the Boeing 777-200 aircraft. 
During the boarding process, passengers’ density reaches 0.75 passengers per square 
metre for the Boeing 777-200 aircraft.  On the Airbus 380, passenger density at the 
entry of the aircraft is much higher than the other parts of the aircraft and the 
maximum density is 0.25 passengers per square metre.  
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Figure 4.33 The Middle seats first boarding method’s - ‘aisle density map for the 
Boeing 777-200 (above) and Airbus 380(below). 
 
4.2.9 Jump Seats Method 
Boarding method is showed below: 
      
 
      
 
      
      
 
      
 
      
      
 
      
 
      
      
 
      
 
      
      
 
      
 
      
      
 
      
 
      
      
 
      
 
      
 
 
 Seat type 1            Seat type 3  Seat type 5        
Seat type 2             Seat type 4   Seat type 6 
 
Figure 4.34. Jump seats method explanations. Seat type 1 enters the aircraft first; seat 
type 2 enters the aircraft second; seat type 3 enters the aircraft third; seat type 4 
enters the aircraft fourth, seat type 5 enters the aircraft fifth and seat type 6 enters the 
aircraft sixth. 
 
Table 4-9 shows boarding times for the “jump seats” method. 
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Boarding 
Time-minutes 
Standard 
Deviation 
Boarding Time-
minutes 
Standard Deviation 
  B777-200 A380 
  Passenger Number= 313 Passenger Number= 498 
Jump seats 
method 47.060 minutes 
 
1.076 
 
52.040  minutes 
 
2.001 
 
 
 
Table 4-9 Jump seats method boarding times 
Figure 4-35 illustrates aisle delay times for Boeing 777-200 and Airbus 380 
aircraft types. Waiting times in the aisle reach up to twelve minutes for the Boeing 
777-200 and 20 minutes for the Airbus 380. This type of boarding process is subject 
to much more seat interferences than aisle interferences.     
 
Boeing 777    Airbus 380 
Figure 4.35. Comparison of aisle delay times for two different aircraft types (Boeing 
777-200 and Airbus 380). 
Figure 4-36 illustrates queue-waiting time before the boarding for the Boeing 
777-200 and Airbus 380 aircraft types. The waiting time for the Boeing 777-200 
aircraft is much less than the Airbus 380 aircraft during the boarding process, 
because of the total number of passengers. 
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Figure 4.36 Jump seats method - queue waiting time for Boeing 777-200 (above) and 
Airbus 380 (below). 
 
Figure 4.37 illustrates the aisle density maps for the Boeing 777-200 and 
Airbus 380 respectively. Passenger density in the middle of the aircraft is much 
higher than the other parts of the aircraft during the boarding process for the Boeing 
777-200 aircraft. Passengers queue at the entry of the aircraft through the middle of 
the aircraft for the Airbus 380 aircraft.   
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Figure 4.37  The Jump seats boarding method’s-  ‘aisle density map for the Boeing 
777-200 (above) and Airbus 380 (below). 
 
4.3 Airline Turn Around Time Calculation and Comparison for the Boarding 
Methods  
Airplane Turn Time is calculated between airplane arrival and departure times. 
In order to increase profit for the airlines, Turn Time should be minimised.  Turn 
Time annual cost is calculated using the following expression (David, Kathleen, 
2008): 
 𝐶 = (((𝐵 × 𝑀) × 𝐷) × 365) 
where; 
C: annual cost; 
B = average boarding time (in minutes); 
M = cost per minute on the ground; 
D = average number of daily flights. 
If an airline spends $78 dollars on the ground per minute, and has 1,000 flights 
daily, Table 4.10 shows the annual costs for each boarding method.  
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Boarding 
Strategies 
Annual Cost 
for Boeing 777-
200 
Annual Cost 
for Airbus 380 
Aisle boarding first 
method 
$741,643,500 $1,328,410,200 
 
 
Row arrangement 
method 
$982,357,350 
 
$1,217,747,310 
 
 
Row blocks method $1,105,490,100 
 
$1,754,520,690 
 
 
Row jump method $1,148,195,100 
 
$1,456,525,200 
 
 
Row middle method $1,112,749,950 
 
$1,503,984,690 
 
 
Window first 
method 
$1,280,011,200 
 
$1,488,981,000 
 
 
Aisle seats first 
method 
$1,297,520,250 
 
$1,629,423,510 
 
Middle seats first 
method 
$1,252,110,600 
 
$1,468,482,600 
 
Jump seats method $1,339,798,200 
 
$1,481,578,800 
 
 
 
Table 4-10Annual costs for each boarding method. 
 
The annual cost determines the airlines’ profitability. Even a minute shorter in 
boarding time provides enormous saving for the airlines. If the boarding time was 
25.05 minutes, the airlines would save $ 741,643,500 - $ 713,173,500 = $ 
28,470,000.  
Tables 4-11 and 4-12 show the proposed and the existing boarding methods’ 
boarding times. 
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Boarding Time-minutes 
 
 
Boarding Time-minutes 
 B777-200 A380 
 Passenger Number= 313 Passenger Number= 498 
Aisle boarding 
first method 26.050 minutes 46.660  minutes 
Row 
arrangement 
method 
34.505 minutes 42.773 minutes 
Row blocks 
method 38.830 minutes 61.627 minutes 
Row jump 
method 40.330 minutes 51.160 minutes 
Row middle 
method 39.085 minutes 52.827 minutes 
Window first 
method 44.960 minutes                       52.300 minutes 
Aisle seats first 
method 45.575 minutes 57.233 minutes 
Middle seats 
first method 43.980 minutes 51.580 minutes 
Jump seats 
method 47.060 minutes 52.040 minutes 
Table 4-11Boarding times overall 
 
 
Boarding Time-
minutes 
Standard 
Deviation 
Boarding Time-
minutes Standard Deviation 
 
B777-200 A380 
Passenger Number= 313 Passenger Number= 498 
Wilma Method 31.448 2.041 55.598 1.943 
Reverse Pyramid 
(Back To Front) 29.641 1.896 43.988 1.022 
Steffen Method 40.330 1.518 39.463 1.296 
Random Method 30.685 2.402 51.603 1.209 
Blocks 35.004 2.009 48.633 1.474 
By Letter 47.887 2.058 64.021 2.793 
Table 4-12 The existing boarding method’s boarding times. 
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Aisle boarding first method has the minimum boarding time. The existing 
boarding methods’ (Back to front) minimum boarding time is 29.64 minutes, as aisle 
boarding first methods’ minimum boarding time is 26.05 minutes for the Boeing 
777-200 aircraft.  The aisle boarding first method works better for the Boeing 777 
aircraft; it eliminates congestion in the aisles after the first block of passengers have 
boarded. The Steffen boarding method has the least boarding time, which is 39.463 
minutes for the existing boarding methods and the proposed boarding methods for 
the Airbus 380 aircraft. The best boarding strategy for the Airbus 380 is row 
arrangement method, which has 42.773 minutes boarding time, but this method is not 
better than the existing boarding method (Steffen). 
4.4 Chapter Summary 
This chapter has proposed the new boarding methods that can be reduced for 
boarding time and turn-time, using an agent-based model.  
 
Each boarding method has been executed ten times in order to determine the 
average boarding time. The simulation platform was created in the Anylogic 
simulation program.  
The best boarding strategy for the Boeing 777-200 is the Aisle boarding first 
boarding strategy and its boarding time is 26.05 minutes. The best boarding time for 
the Airbus 380 aircraft is the Row arrangement method and its boarding time is 42.7 
minutes. 
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5 Conclusions 
5.1 Introduction  
 
This chapter summarises the main areas covered by this research, discusses the 
major findings and shows how they contribute to a new body of knowledge about 
aircraft boarding. In this chapter, the research questions raised at the beginning of 
this thesis will be answered. Limitations of this research will be considered, and 
future research directions will be recommended.  
5.2 Thesis Summary 
Most airports are designed to serve millions of passengers per annum. The 
continuity and accuracy of arrivals and departures depend on many factors. An 
efficient boarding procedure is one of them.  In Chapter 2, the literature review 
summarised the different boarding methods that have been examined. Aircraft types 
and simulation varieties that were used for investigation of the boarding strategies 
were demonstrated in Chapter 2. Airlines settle the preciseness of their operations by 
using airplane Turn Time. The Turn Time is computed from the airplane’s arrival 
and departure times (Menkes, Rene Villalobos, Gary, 2005). There are two types of 
interferences in the boarding process. One of them is seat interference, and the other 
one is aisle interferences  (Briel, Villalobos, & Hogg, 2003). Minimising the total 
expected number of seat and aisle interferences is the best way to minimise total 
boarding time. 
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The literature has introduced different boarding strategies in order to reduce 
boarding time. These methods are Wilma method, Reverse Pyramid, Steffen method, 
random method, blocks method, by letter method. 
Chapter 3 has detailed the existing boarding methods’ simulation modelling 
and their results. At the beginning of the chapter, aircraft types’ layouts that were 
used in the simulation were demonstrated. Passengers’ attributes such as gold-class 
passenger and, passengers with children, have been included in the simulation 
program. Economy class passengers were divided into groups according to their seat 
numbers, for each type of boarding strategy. The Reverse Pyramid method is the best 
boarding method for the Boeing 777 aircraft and the Steffen boarding method is the 
best boarding method for the Airbus 380 aircraft. The Steffen boarding method 
minimises aisle interferences by ordering people by their seat letters not seat 
numbers. The Reverse Pyramid boarding method is subjected to aisle and seat 
interferences but this boarding method begins from the rear of the aircraft, because of 
this, the congestion occurs in the rear of the aircraft so the incoming passengers are 
not overly affected by it. For the Boeing 777 with 313 passengers, the lowest time is 
taken by the Reverse Pyramids strategy, which is 29.641 minutes. Similarly, the 
lowest time for the Airbus 380 with 498 passengers is 39.643 minutes by using the 
Steffen boarding method. The Airbus 380 takes a longer absolute boarding time than 
Boeing 777. However, the average time of boarding per passenger for Boeing 777 
and Airbus 380 are 29.641/313=0.095 minutes and 39.643/498=0.079 minutes 
respectively. This shows, if passenger numbers are equal then Airbus 380 will take 
on an average 24.916 minutes, which is lower than the Boeing 777. 
Chapter 4 introduces nine new boarding methods in order to investigate further, 
find the best boarding time, and reduce Turn Time. It compares boarding results for 
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two different aircraft types. In the end, boarding simulation results shows the 
important part of a boarding method in order to reduce Turn Time and annual cost. 
This chapter also compares the difference between the existing boarding strategies 
and the new boarding strategies. The best boarding method for the Boeing 777 is 
aisle boarding first method and for the Airbus 380 is the row arrangement method. 
 
5.3 Research and Contribution 
The  goal of this research  is  to  build  a  boarding  process  model  for the  
airport  terminal environment in order to reduce turn-around time, thus providing a 
novel tool for airport managers and airlines to use to achieve better management at 
the airport. This closely realises the research vision: “To provide a better boarding 
strategy for the continuous improvement of airline passengers and airlines." 
During this research, the answers to the following question were sought:  
1.) What is the best boarding strategy? 
2.) What aircraft types are currently modelled in existing strategies? 
3.) How can more efficient boarding strategies be developed using agent-based 
modelling? 
4.) What is the best method to explicitly model important factors in passenger 
boarding including group behaviour and stowing passenger luggage? 
The best boarding method differs from the aircraft models. The researchers 
have mainly used one aisle aircraft in their research, with seat capacity up to 180 
passengers. In the research, an Anylogic simulation program has been used to 
develop boarding strategies. Simulation programs allow you to develop a view that is 
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more realistic. In addition to the existing boarding method, nine different boarding 
methods have been developed and examined.  
Previous studies have a set of rules that include passenger’s optimal speed, a 
safe distance, and maximum speed but in fact, each passenger has different attributes.  
The main contributions of this thesis are embodied in the following three 
aspects: 
1. Extending the seating capacity of the aircrafts in the simulation 
The literature review in Chapter 2 demonstrates researches that have 
considered the aircraft seat capacity up to 180, and they have investigated the aircraft 
with one aisle only. In the thesis, the seat capacity is extended to 498 seats and two 
aisle aircraft types. 
2. Improve the delay times for passengers hand luggage issue 
The passengers’ hand luggage issue is the main cause of delay when 
considering the boarding strategies.  Passengers tend to carry one or two-piece of 
hand luggage during the boarding process. In the thesis, the waiting time in the aisle 
is determined by the triangular distribution. The minimum waiting time is 5 seconds, 
average waiting time is 30 seconds and the maximum waiting time is 60 second in 
the aisles when the passenger put his/her luggage in the bins.  
3. Reducing boarding time 
In the thesis, existing boarding methods and the new proposed boarding 
method were examined and analysed for long-haul aircraft types, such as Boeing 777 
and Airbus 380. In the research of this thesis, passengers with children, first and 
business-class passengers and groups of passengers (four or more people) were 
considered first for boarding. The Reverse Pyramid and the Steffen boarding 
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methods were found to be the best boarding methods for the Boeing 777 and Airbus 
380 respectively. Their boarding times are 29.641 and 39.463 minutes respectively. 
The new proposed boarding methods have been introduced in order to reduce 
boarding time as well as the Turn Time.  The best boarding methods are aisle 
boarding first method and row arrangement method for the Boeing 777 and the 
Airbus 380 respectively. The boarding times are 26.050 and 42.773 minutes 
respectively. 
 
5.4 Research Limitations 
The limitation of this thesis is the lack of access to detailed airport data, which 
leads to difficulties in model development, validation and calibration. For agent-
based models, the preciseness of decision-making procedures decides the 
dependability of the model. Boarding methods have been investigated, since the 
airline sector has played a significant role in the transportation sector. Due to security 
reasons, collecting sufficient data is difficult.  All research outcomes are still 
important and valuable; however, explicit validation is more challenging.  
5.5 Recommendations 
It is recommended that future research be undertaken in the following areas: 
1.) Investigate long haul flight aircrafts 
Nowadays, international flights are playing important roles in the airline 
industry. Future research should concentrate on other long haul flight aircraft 
such as Boeing 787 Dreamliner. They should include new aircraft types in 
order to investigate aircraft boarding methods more broadly and with depth. 
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Boeing 777 and Airbus 380 have been used for the existing boarding methods 
as well as the new proposed boarding methods.  
2.) Investigate pre-boarding zones 
Future research should examine pre-boarding zones and introduce a boarding 
zone announcement system via mobile phones. Passengers should know where 
and when their boarding zones are to be boarded. Pre-boarding zones should be 
used before the embarkation process begins. Researchers should use the new 
technologies such as those that are mobile phone or tablet devised in order to 
inform passengers where they should go to wait until their boarding time has 
begun.  This would allow the practical realisation of implementing the new 
boarding strategies proposed in this thesis. 
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